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This book is devoted to questions of combustion and discharge at high tempera-
tures in a liquid-propellant rocket engine. It gives the detailed technique for

the thermodynamic calculation of the working process, illustrated by the solution

of a series of practical problems. This book offers the bases for the poésibility
of applying a graphical method for calculating the parameters of the liquid-
prol;e]lant rocket engine, which greatly facilitates this calculation. It gives a
detailed exposition of the technique of constructing such no;nograms. Two nomograms
for two types of propellant,constructed by the author, are appended at the end of

the book.

This book is intended for students of higher institutes of aviation who are
studying the theery of combustion and exhaust, but it may also be useful to engi-

neers working in this field.

Critics: Instructor Yu.K.Zastela,

Professor A.V.Kvasnikov, Doctor of Technical Sciences

Editor: Engineer G.Yu.Yanovskiy

e —ooe—, - Supervisor. of. Editorial Staff, Engineer A.I.Sokolov
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PREFACE

In this book we give an acposition of the method developed by the author for
calculating the processes of fuel combustion and the discharge of the co;nbustion
products from liquid-propellant rocket engines. The entire calculation is based on
the use of the conventional equation of energy, which is known to the student from
his course in aerodynamics. The description of the proposed method is accompanied

by a detailed exposition of the computational procedure, and by examples.

The diagrams at the end of the book (Appendixes V, VI, and VII) considerably

accelerate the calculations and may be useful, especially in the preliminary rough

calculations. If these diagrams do prove useful and find practical application; it

111 be possible to organize the calculation and construction of similar diagrams

for all availsble fuels of liquid-propellant rocket engines.
" This book will be useful not only to students in studying the theory and de-~

sign of liquid-propellant rocket engines, but also to engineers working in this

field. . ) L.

»

The author expresses his thanks to Instructor V.Ye.Alemasov, Candidate in

Technical Sciences, for his help in the preparation of the manuscript, and for his

permission to use the Tables (Appendixes I, II, IIT and IV) which have been care-

fully recalculated and checked by him.
The author also notes the work by L.V.Ignat'yeva, laboratory assistant of the

Department of Heat Engines, for arrangement of the computational diagrams and in

illustrating this book, and expresges p:@%;_ttl}arﬂcs to her.
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The author will be very grateful for any comments and suggestions, addressed to

- OBORONGIZ Moscow, I-51, Petrovka, 2l.
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INTRODUCTION

The appearance of a new type of thermal engine, the liquid-propellant rocket
engine, demanded the development of new methods of thermal calculation since the
processes of conversion of chemical energy intc thermel energy and then into kinetic
energy, in this engine, have certain peculiarities which complicate the calculations.

The theoretical combustion temperatures in these engines are considerably high-
er than in other types of thermal engines, since the oxidizers used are liquids
richer in free oxyvgen than atmospheric air. Indeed, with the theoretically neces-
sary quantity of oxidizer, the weight of the combustion products of 1 kg of kerosene

" {5, 1 round numbers, as follows: with atmospheric air as oxidizer, 16 kg; with

hydrogen peroxide, 8.5 kg; with nitric acid, 6.3 kg; and with liquid oxygen, 4.5 kg.

And yet the quantity of heat liberated on combustion is almost the same with these
different oxidizers. It is entirely understandable that, with-a smaiier quantity of

combustion products, they must be heated to a higher temperature.

The high theoretical combustion temperature causes a more extensive dissocia-

R murm—s e

tion in the combustion chamber and a partial recombination of the molecules as the

gases flow into the exhaust nozzle where, on expansion, the temperature of the gases

drops. The need to take these phenomena into account makes it more difficult to

B P e ]

_handle the thermal calculation,

On the other hand, there are no fundamentally new phenomena in the thermal

S e ]

processes in liquid-propellant rocket engines, and consequently, the entire thermal

"calculation should be Founded on th:'rigr'op;)siti’.oné generally adopted in thermal

¥ - -
,,,,,,, p— o=

~

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060002-3




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060002-3

technology.

The book by A.V.Bolgarskiy and V.K,.Shchukin ("Working Processes in Liquid-
Propellant Rocket Engines", Oborongiz, 1953) gives the principles of a method of
calculating the thermal processes for liquid-propellant rocket engines, based on the
general propositions and concepts of thermal technology and oi‘ thermal engines.

.The present work represents an expanded and detailed exposition of the calcula-~
tion method which is a logical development of general thermal calculations extended
to a new type of thermal engine.

On the basis of the fact that all the processes taking place in the combustion
chamber and nozzle of the liguid-propellant rocket engine are conversions of energy
from one form to another (chemical - thermal - kinetic), the author bases his entire
technique on the usual equation of energy (cf. Chapter II); in this equation, from
the total quantity of heat Q he separates the heat obtained on combustion of the
fuel,

Only the simplest propellants, in widest use, are considered in this book.

They are chemical compounds of the systems C, H, O, and N.
The application of the proposed calculation method to fuels of other types, and

the construction of computational diagrams for other fuels to be used, is a task for

the future.

the method.
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CHAPTER I
PROPELLANT CALCULATIONS

1. Chemical Ccmposition of the Components

The fuel for liquid-propellant rocket engines consists of a combustible and an
oxidizer, ‘'tThe combustibles ordinarily employed are either hydrocarbons or alcohols;
kerosene, ethyl and methyl alcohols are most often used. The usual oxidizers are
nitric acid, liquid oxygen, or hydrogen peroxide.

Hereafter we shall take CnHmop as the general chemical formula for the com-

bustible and HtNuOvC for the oxidizer.

If the ccmponents are specified by chemicel formulas, then their molecular

weight is calculated by the formulas

pc=12ﬂ+m+16p; ‘ (l)
po=1:+14u+16v4 12g.

The conversion to elementary c'omposition by weight is performed accerding to

the formulas

C. =" 100%,

e

H, =-—100%,
Be

"0, =12 100%
Be
and by analogy, for the oxidizer,

H, =--100%,
" Ko

: CIA-RDP81-01043R004200060002-3 &
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N, =1%100%,
*o

0, = 100%,
Bo

C, =124 100%.
Bo

If the components are specified by elementary composition by weight, i.e.:

Combustible - C,%, He?, 0%,
Oxidizer - H %, 0,%, Co?, No?,
then the calculation for finding the chemical formula is performed as follows:
number of atoms of hydrogen are taken as equal to its percentage content in the com~
ponent, and then the number of atoms of the remaining elements in the component are
calculated. Thus, the combustible contains Cc atoms of carbon, Le atoms of

12 16

. . C
atoms of nitrogen, 1; atoms of carbon

Yo

oxygen, while the oxidizer contains 1,

and —(])_g— atoms of oxygen; we then get the following arbitrary formulas:

Combustible —Cec, Hﬁc Ooc .
12 16

Oxidizer —Hgn N~ Oo,Cc,.
4 W6 1

In this case the arbitrary molecular weight is taken as equal to 100.

Very often the components of a propellant do not constitute 1007 of the sub-
stance, but have been diluted with water (for instance ethyl and methyl alcohols,
nitric acid, hydrogen peroxide). We allow for the presence of watgr in the ;:onz-
ponents by their concentrations, expressing the percentage content of the pure sub-
stance in a mixture with water; for example, if the concentration of hydrogen pér—
oxide is 80%, this means that 1 kg of this component contains 0.8 kg of pure hydro-
gen peroxide and 0.2 kg of water.

If the component is to be expressed by a chemical formula, then it is more con-

venient to express the quantity of water by the number of moles of water to 1 mole

of the substance.
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Let the concentration of the substance beo%, and its molecular weight be U;

. o]
then the calculation is conducted as follows: 1 kg of component contains TN kg

d &%0-6—9— kg of water; and it contains the following quan-

tity of water per 1 kg of pure substance:

of the pure substance an

J0—s o 10=0 0 ik,
100 100 ¢ ;

There is —EO—OZ-L

¢ kg of water per mole of pure substance; expressing this
quantity of water in moles and remembering that the molecular weight of water is
By = 18, we get:

100 —¢ 100—¢
!_L=

ou, 18s

$ mole/male (5)

Table 1 gives the values of m for components most frequently encountered in

concentrations below 100%.

Table 1

Concentration in %
Type of Molecular

Component Weight 95 90 85 80 75 70

Ethyl alcohol 0,135| 0,284 0,451 | 0,639 | 0,852} 1,095
Methyl alcohol 00041 0 1081 0 3141 0 4451 0 50210,762

0 L7
Vv VpadT | LylaT ) VyRhuy vyuvi Vs

Nitric acid 0,184 0,389 | 0,618/ 0,875| 1,167}1,500
Hydrogen peroxide 0,099 0,209 0,333} 0,472} 0,630|0,809

In the symbols used above, the chemical formulas of components with the concen-

tration o,% and 0y% will be of the form

C,H,,0, m Hy0 ana HN,0,C, moH,O, (6)

__ 100 —o9,

o™ 18¢, o
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The weight of 1 mole of the component, of a concentrat;ion 0%, will hereafter be
termed the molecular weight of the component and will be designated by u'. At any

concentration, this weight will be determined as follows:

P'-P+ISM=9+1891—°?:-°—=

” !%' K’/mole (7)

Table 2 gives the values of u' for the most frequently uased components.

Table 2

Molecular Weight at Concentration o%:

Chemical
Component Formula 100] 95 | 90 | 85 | 80 | 75 | 70

Ethyl alcohol C,H0 46 51,1 57,5 65,7
Methyl 'alcohol CH,0 32 133,6|35,5 40,0 45,7
Nitric-acid HNO, 63 | 66,3 70,0 78,8 90,0
Hydrogen peroxide| H,q, 3¢ |35,7|37,7|40,0| 42,5 45,3 | 48,6

For a canponent’expreesed by a chemical formula, at a concsntration below 100%,
Ats elementary composition by weight is calculated as follows.
- Let a combustible be specified by the chemical formula CnNmop * m.Hy0,

The number of atoms of the various elements per mols of combustible and their
weights will be determined as follows:
h Carbon - number of atoms - n weight 12 n

Hydrogen - " n " -m+2m " m+ 2m,
Oxygen - ™ ™ m  _p+m n o 16(p + mg)

-

Total weight of 1 mole of combustible 12n + m + 16p + 18m..

.t

.{'.
_ ¢ On the basis of egs.(1) and (7) we find
o

” 12n 4+ m+16p+ 18m =p_+18m _=up_.

Consequently, the elementary composition of the combustible by weight i
[cf. 0q.(2)] will be expressed by the following relations:

e
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C.=121 10094,
Be

HY = mt2me 1009,

¢ Be.

o =18Ce+m) 1000,

. Similarly, we get for the oxidizer:

c, =24 100%,
- .

H, = £E2% 100%,
¥o
0, =2+ m 1005,
to
14u

N: =22 100%.
o

Examole 1, Calculate the elementary composition, by weight, of ethyl alcohol,
at concentrations of 60, 80, and 100%.

The chemical formula of pure ethyl alcohol is as follows:

C2H5 (OH) =C2H30.

Cansequently, its molecular weight will be
#,=12:241.6416-1=46.

The number of molecules of water per mole of the pure substance at the speci-

fied concentratiofls is calculated on the basis of eq.(5) and will be

_0—e,  1W0—s 48 o555 102

¢ 185, € 9 18 9,

m

At the specified concentrations, this formula yields
ml® =0,

m¥®=0,639,
m®=1,703.
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The weight of 1 mole of the component, of a concentrat;ion 0%, will hereafter be
termed the molecular weight of the component and will be designated by u?. At any

concentration, this weight will be determined as follows:

peep418m=p+18p lal)s:' =u:)"' Kg [mole (7)

Table 2 gives the values of u! for the most frequently used components.

Table 2

Molecular Weight at Concentration of:

Chemical

Component Formula 100] 95 | %0 | 85 | 80 | 75 | 70

Ethyl alcchsl C.H,0 46 51,1 57,5 65,7
Methyl 'alcohol CH,0 32 (33,6355 40,0 45,7
Nitric-acid HNO, 63 | 66,3 | 70,0 78,8 90,0
Hydrogen peroxide| 0, 3¢ |35,7|37,7]40,0] 42,5 45,3 | 48,6

, . For a component’axp'resaed by a chemical formula, at a concentration below 100%,
its elementary composition by weight is calculated as follows.

Lst a combustible be specified by the chemical formula C nNmop * mH,0,

The number of atoms of the various elements per mole of combustible and their
weights will be determined as follows:
o Carbon - number of atoms - n weight 12 n

Hydrogen - " n " -m+2m, " m+ 2me

Oxygen - " n " - p+m n 16(p + mc)

Total weight of 1 mole of combustible 12n + m + 16p + 18m..
On the basis of eqs.(l) and (7) we find

127 +m+16p + 18m =p + 18m _=p_.

Consequently, the elementary camposition of the combustible by weight

[cf. eq.(2)] will be expressed by the following relations:

7 Aazveton v . X | A D e e e S e ey
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" The corresponding chemical formulas will have the form

a 5,=100% —C,H,O,
at ¢,=80% —C,H;0.0,639H,0,
at o6,=60% —C,H;0-1,703H,0.

TTTITT U e e o

On the basis of eq.(?), the molecular weight of alcohol is

st o =100%

at °c=80%

st 6, =60%

We recall that the term molecular weight of a substance of lower concentration
(0 < 100) means the sum of the molecular weight of the pure substance and the weight
of the water in 1 mole of the substance; for example, at a 60% concentration of
alcohol, the weight of 1 mole will consist of the weight of 1 mole of pure alcohol

He = L6 and of the weight of m, moles of water; since m, = 1.703, the molecular

weight of this alcohol will be

pi=p-18m,=46-18 . 1,703=76,67 Kq

The composition of alcohol by weight at the concentrations is feund from eqg. (8)

4

to be as follows:

CC Hc OC
12.2 6 _ . 16-1 100=34.8%:
o,=100% TIOO=52,1% _46 100=13,1% _—46 ,89%;
12.2 6+2.0,639 16 (140,639) .
_ 122 6+2-0,639 0192 63 ———t—2")100-45,6%;
o, =80% 57.5 100=41,8% 57.5 100=12,6% 57.5

12.2 6+2-1,703 16 (14-1,703)
a,=60% 76.67 100=31,3 76,67 100 76.67

e g T Wi ot

2. The Heat Value of the Components

In calculating the combustion process it is necessary to know the quantity of

Tyt

e L s T T2

|
i

tad

ity
IO s v

e s s, "
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chemical energy introduced into the combustion chamber by the comporients of the
propellant: in technical calculation, this chemical energy is termed the heat .
value. In engines that use atmospheric air as the oxidizer, it is customary to term
the combustible "fuelM and in calculating the combustion processes the heat value of

the combustible is called the heat value of the fuel, since the heat value of at-

.

mospheric air is zero.

In calculating the combustion processes in liquid-propellant rocket engines it
is necessary to take account of both the heat value of the combustible and the heat
value of the oxidizer. The quantity of heat that can be liberated on complete con—
sumption of 1 kg of a component during the combustion process is taken as the chemi-
cal energy, i.e., the heat value, of that component. As a general rule, the heat
value of a component may be determined by the Hess law, starting out from the propo-
sition that the component at first must be decomposed into its constituent elements,
for which a quantity of heat, equal to the heat of formation, buf taken with re-
versed sign, must be expended, and that the combustible elements of the component
must then burn with total liberation of the chemical energy (heat value) in the form

of heat.

Further than this, one must also take account of the presence of water in the
components. A certain quantity of heat must be expended to evaporate this water,
since the lowest heat value of the component must enter into the technical calcula-
tions. The heat value of the combustible component elements may be taken from

Table L (see below), while the consumption of heat in evaporating the moisture in

the components is equal to 10,500 kcal per mole of water,
A1l calculations on combustion processes are made at the initial temperature of

250C (2980 abs), since it is customary to give the values of the thermal effect of

reactions at this temperature. At this temperature, the consumntion of heat to

evaporate 1 mole of water is expressed in round numbers at 10,500 kcal/mole; in ac-

tuality, gccordigg to steam Tables (see M.P,Vukalovich and I.I.Novikov: "Technical

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060002-3
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Thermodynamics"), the latent heat of vaporization is 583.2 kcal/kg; consequently it

is necessary to expend
583,25 18=—10497,6~=10 500 Kcar /mote

on the evaporation of 1 mole of water at 25°C.
Under these conditions, the formulas for determining the heat value of the com—
ponents now take the form:

Combustible
H,.,=94050n 4 57 §00-05m —H,,, — 10 500m,,
Oxidizer
‘ Hpo =94050q + 57 800-0,5f — H;om‘“ 10 500m,.

The heat value of the components per kg is determined by the formulas

Ce
Kcal [Kkg,

TC

4]
By ©

1005, Kcal /Kg.
In reality, the heat value of the combustible is usually knowm.
The values Hp .. for the components is as follows:
For 1007 nitric acid, Hpopn = 41.400 keal/mole,
For 100% hydrogen peroxide, Hpopm = L44.840 kcal/mole.
In the case of components with concentrations below 10073 N t};e heat of solution’®

must be taken into account; for- hydrogen peroxide it is slight (11 kcal/kg) and for

other oxidizers it may be calculated by the formula:

H Am

sol <o

atm '
where m is the number of moles of water per mole of pure substance; for nitric acid,

LA =897k, « = 1BT.

The sum Heg,on + Hgpy is usually included in the calculation of the heat value;

D T R T A B W PR T ST N

*The heats of solution for several substances ars given in Appendix IV.

L2P 52 s e TL

10

2K P e neiriore )
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T oe—————

for nitric acid this sum, depending on the concentration, is:

so% 10 9 9% 8 8
HppmtHe 41400 42260 43040 43760 44410 Kcal [mole

The heat value of oxidizers may be either positive (H,)O‘,2 R CMI.‘OB) or negative

\(
(HNOg),
As stated above, the heat value for combustibles is usually known. Table 3

gives the heat value of ethyl and methyl alcohol as a function of the concentration.

Table 3

Ethyl Alcohol Methyl Alcohol

Concentration

ing

Kcal [mole Kcal [Kg Kcal [mote Kcal [Kg

296 200 6440 149700 4680
294 780 6080 148710
293 200 5740 147 620
291 440 5380 145010
289 450 5030 145010
287 200 4680 143 440
284 650 4330 141660
281 680 3980 139 600
278920 3630 137 200

In this Table the values of H, have been calculated for given values of H,, by

the formula:

HP e
Hc = Kcal /k’q.
100,

For kerosene the heat value by weight ranges from 10,200 to 10,500 kcal/kg.
Equation (9) for determining the heat value of oxidizers gives the following

heat values for nitric acid and hydrogen peroxide at various concentrations:
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8o, ¥ 100

Keal [mole | —12500
Kcal [kg —198
Kcal [mole 12600
Keal [kg 371

3. Specific Gravity of the Ccrosnents

The specific gravity of the components is determined as the ratio of their
weight at a definite temperature (for hydrocarbons usually at 20°C) to the weight of

the same volume of water at 49C; this specific gravity is a dimensionless quantity

and is denoted by dio, where the subscript #4* ‘indicates that the water is taken at

a temperature of 4OC, while the superscript "20" means that the component is taken
at 20°C, Since the weight of 1 1ltr of water at 4°C is 1 kg, the dimensioniess value
of the specific gravity d is equal to the density y adapted in technology, which has
the dimension of kg/ltr; this quantity is likewise customarily termed the specific
gravity in technology.

The specific gravity of petroleum products depends significantly on the tem~
perature; if the specific gravity of a petroleum product at 20°C is Yos then, at a

temperature t°C, it may be determined by the formula:

Y e="To—a({—20).

In this formula the ¥alue of the coefficient o is determined as a function of

the specific gravity of the petroleum product, by the formula:

a=0,000581--0,00126 (0,95— 7).

The specific gravity of 1002 alcohols is determined as a function of the tem—
perature according to the formulas:

For ethyl alcohol: Y:+=0,80665—0,000866¢;

12
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For methyl alcohol: Yz=0,81034—0,00Q917t. ‘.
The specific gravity of alcohols at 25°C may be determined approximately as a
function of their concentration by the following formulas:

For ethyl alcohol: 7o==0,8623—0,00253 (s —70);
For methyl alcohol: 7Yo=0,8658—0,00267 (s—70).

The temperature dependence and the concentration dependence of the specific
gravity of 100% nitric acid at 25°C is expressed by the following formulas:

In the range from O to 80° vy,=1,53—0,0014¢;
In the range from 90 to 100% 1s=1,492—0,0012 (¢ — 90).

The specific gravity of liquid oxygen may be taken as Y = 1.14 kg/1tr.
The specific gravity of hydrogen peroxide at 250C, as a function of the con-

centration, is

Y +=1,16-4-0,005( s —40).

L. Stoichiometric Coefficient of the Ratio of the Components_and the Coefficier;t of
Excess Oxddizer

The stoichiometric coefficient of the ratio of the components is the term ap-

plied to the number of moles of oxidizer theoretically necessary for the total com—

bustion of 1 mole of combustible, The stoichiometric¢ coefficient of the ratio of
the components is simplest determined from the equations of the chemical reactions.
If the combustible is defined by the chemical formula CnHmOp ° m, * Hy0, and the
oxidizer by the chemical formula HtNuOqu * moh20, then in the general form, the

process of complete combustion of the propellant will be represented by the formula:

C,H,0,-m -H,0+ £HN,0,C,-m,H,0 = Mco, + Mn,0 + My,,

where MCOZ’ MHzo,and MN2 are the respective numbers of moles of these gases in the

combustion product, while k, is the stoichiometric coefficient of the ratio of the
components,

“he number of moles of carbon dioxide, water vapor, and nitrogen may be de-

13
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termined from the number of atoms of the elements in the propellant. The total num~

ber of atoms of carbon in the propeliant is n + koq, that of hydrogen is m + 20, *+

+ kot + 2mo); and that of nitrogen is kyu; bearing in mind that a molecule of car-

bon dioxide has one atom of carbon, and molecules of water vapor and nitrogen each

have two atoms of hydrogen and nitrogen respectively, we may write:

Mco, =n+kg;
Mo =05 [m-+2m -+ k, (£ +2m))]; (1)
Mn, =0,5k°ll.

Thus the total chemical equation of the combustion process will have the form:

C,H,0,-mH,0 + kHN,0,C,- mH,O =(n + k,g) CO, +
+ [m + 2mc + ko (t+ 2m°)] O,SHQO +O, SkOUNg.

The stoichiometric coefficients of the ratio of the components in this case
will be determined from the condition that the number of atoms of oxygen in the

propellant must equal the number of atoms of oxygen in the combustion products; from

the fundamental equation, in this case, we get
P+ m 4 ko +km,=2(n+kg) +0,5 [m+2m + &, (t+2m,)].
The solution of this equation for the quantity ko, yields

22 +4-0,5m—p
ko-——w mole /male (12)

As was to be expected, the concentration of the components has no effect on the

value of the stoichiometric coefficient. The weight stoichiometric coefficient of

the component ratio is determined by the molecular weights of the components, more

specifically:

D B Po ©
B o=k, w=k, — — Ky[Ky.
Pe Be 9%

The bulk modulus of the ratio of the components will be equal to

T e B
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g e p Ho % e iy
ko ko 70 = (] % % 10 i (M)

If the components are specified by their elementary composition by weight,
namely: the combustible by C.%, H.%, 0%, and the oxidizer by Ho¥, Ng%, 0o%, Co?,

then, for water-free components, we find that the total combustion of 1 kg of com-

‘-%-' CC + 8Hc - 0c .
bustible requires 160 kg of oxygen in this case, while 1 kg of

O - & Co - 8Ho .
oxidizer contains 00 kg of free oxygen. Consequently, the weight

stoichiometric coefficient of the ratio of the components will be

8
—C.+8H,.—0,

.8 ¢ ¢

B = 5 Kg/Kg. (15)
00— 3 C°—8H° -

At concentrations o.% and o, of the components, respectively, the combustion

of 1 kg of combustible will require only

8

5 Ce+8H.—0;

_Lg,
100 160

of oxygen, and 1 kg of oxidizer will-contain only

of oxygen and, consequently,

8
_3—Cc +8H,— O,
K =

o

[
8 = al%s
Oo — —5— Co— 8Ho

and since, according to the preceding,

. po ©
K =k, Lo e,
Be Y
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8
Cc+8Hc—O¢
k,=k ke o3 e
PO cc 00_—3—(:0—8“0

eh))

Po

Exgmple 2. Propellant: toluene (C HB) and 95% nitric acid (HNOg * 0.18% Hp0).

To find the molar and weight stoichiometric coefficients of the ratio of the

components:
The molar stoichiometric coefficient is determined by eqg.(12):

2:7+0,5-8 =7,2 mole [mole

k=305

Consequently, at o, = 95%, the weight stoichiometric coefficient, on the basis

of eq.(13), is found to be

. 63 100
=79 19
=120 % =5:19 #ylks

Example 3. Weight composition of ethyl aleohol: C, = 52.2%, H, = 13%,

0, = 34,.8%, and of hydrogen peroxide: Hy = 5.9%, O, = 94.1%. The concentration of
= 90% and that of the hydrogen peroxide, o, = 80%. The specific

the alcohol is ¢ c
= 0.812 kg/ltr,

gravity of ethyl alcohol of the specified concentration at 259 is Yo
1.35 kg/itr. To find the molar, weight,

and that of the hydrogen peroxide is v, =

and volume stoichiometric coefficients:

The weight stoichiometric coefficient is found from eg.(16):

g = 2,667-52,2—8-13—34,8 90 __ 4955 Kq/Kg
° 94,1 —8-5,9 80

1o Ea ol o ay Sroue ey

Ao

Consequently,

k, =4,955. £ 2 =4 955
Bo 8
The volume stoichiometric coefficient will be

=k 1= 4.955. 0. ‘?52 3,04 st/ ltr

To )

p -‘:%‘T‘4‘???”*%?&"&?35&“¢ﬁm'='(5*qﬂO-N‘-ﬁ%’,‘mxmr.-m=\.-..m.w¢‘4|;., .

-l
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The above stoichiometric coefficients of the ratio of the components determine
the theoretically necessary quantity of .oxidizer for the complete combustion of
1 m01_e, 1 kg, or 1L 1tr of combustible. In réality, the quantity of oxidizer sup-
pPlied to the coml;ustion chamber is not equal to the calculated theoretical quantity,

and most often it is less than this quantity; such a ratio of the components lowers

the efficiency, but does increase the specific thrust of the engine. The ratio be-
tween the guantities of components in this case is evaluated by the coefficient of
excess oxidizer a, which determines the actual quantity of oxidizer per mole of

combustible, in fractions of the theoretically necessary quantity.

5. Weight and Volume Composition of a Propellant

Taking account of the coefficient of excess oxidizer adopted, the composition

of the propellant before combustion will be determined by the formula:

C,,H,,.Op y mcHzo + akoHthOqu -m,H,0
and per mole of combustible it will have the following weight:

potakop, K.

The weight composition of the propellant will be determined by the following

formilas:

N} LI
Be _ aRgi,

=, g=—C
gc P.c-*"akoyio ’ P'o_*-akopo ’

100y,

Consequently,
K
— ; PoBo
e + a,Robo K% + akopqte

%

9

akolto
9% — akoo,
Le akopto B.90 -+ akopos
%
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If the propellant components are specified by their elementary composition by
weight, then, as stated above, we determine the weight stoichiometric coefficient
of the ratio of the components, and in that case, ukc') kg of oxidizer w1'_L‘L be con~

sumed per kg of combustible; consequently, the composition by weight of the pro-
pellant will be

1 ak,

(]

- . (29)
&=Tra & Tra

The composition by volume of the propellant is determined from the known spe-
cific gravities of the components Yes kg/ltr, and Y., kg/ltr; in this case we get

V=0,4+7v,= ﬁ—i— £ Ky,
T To ’

(20)
[

The specific gravity of the propellant will be

1= .l_ — 1 — TeYo
v gc_ + g_o gCTO -*— gOTc (21)
Tc 10

The composition by volume of the propellant may be determined from these formu-
las as follows:

=~&- =_ 8clo :
v gcTO'Jl- gO’t
r =&= _;folg__l (22)
° v gcTo+go7c

Thus 1 1ltr of propellant contains ro liters of fuel and r, liters of oxidizer.
Substituting the values of gy and g, in these formulas, we get

— Bclo
r.=

Belo -+ akoltoT, ’
—_— akokoTe
BeYo + a¥okol,

If the components are specified by their elementary composition by weight, then

the volume of 1 kg of propellant will be

D + a_k° ! (I +ak:’>lt . - (23)
1 (l-{-—ak;) '{o(l-{-ak;) 1+Gk; Te To .f/Kg.
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and its specific gravity will be

(14 ak) 1%

; Kqelltr 2
ey g/ (24)

The composition by volume will in this case be determined by the formulas

To
r =94=———-—"77""",
¢ TS T akgy,

ak;’{c
10 + ako.rc

(25)
Fo=01=

If the volume stdichiometric coefficient of the ratio of the components is

known, then -

1 ak;

¢ 14ak, T % ltaky

Example 4. Determine the weight and volume characteristics of the following

N

propellant: ethyl alcohol and 80% hydrogen pero:d.de.' The concentration of the

alcohol is 60, 80, and 100%; the specific gravities of the components are: for

100
c

80
= 0.786l kg/itr, v, =

hydrogen peroxide, Yo © 1.35 kg/ltr, for ethyl alcohol ¥
6

[

= 0,837 kg/ltr, vy 0. 0.8876 kg/1ltr. The coefficient of excess oxidizer is & = 0.8.
The stoichiometric coefficients of the ratio of the components in this case is
found to be

p 2240561
°T 91

For o = 0.8, the molar ratio of the components will be equal to

=6 mole [mole

ak,=0,8-6=4,8 mole [ mole
Since My = L6, and By = 3L, then, by using eq.(18), we get

-

46.80 3680 1

8:= 16.80 + 4,834, 3680+ 163,25, 10,0433,
4,8340, 16325 0,04435%

8o="46.80 + 4,8.345, 3680+ 163,20,  1--0,044350;

After substituting the values of o,, we get the following composition by weight:

19
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3% 100 60
g 0,184 0,273
& 0,816 0,727

The specific volume and the specific weight of the propellant are determined by

eqs.(20) and (21); the results of the calculations are as follows:

o % 100 80 60
v ltrfxg 0,838 0,840 0,848
v Kgfitr 1,195 1,190 1,180

The composition of the propsllant by volume is calculated by eq.(22):

8o  __ 1,35¢¢
glo+ gt 1,35 +gote
£ole — &ole
&.%0+ £ole 1,358 + golc

o

After substituting the corresponding values of g,, g, and Yos the composition

of the propellant by volume is determined for all three cases, as follows:

o, % 100 80 60
r, 0,279 0,313 0,363
ro 0,721 0,687 0,637

The values of the coefficients of the ratio of the components may be determined,

either from the composition of the propellant by weight and volume so obtained or
from the formulas given earlier.

Calculation gives the following results:

g, % 100

ako, mole[mole 4,8
ak, Kglkg 4,44
ak;h'r/ ir 2,66
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CHAPTER II
THE BQUATION OF ENERGY IN THE PROCESSES OF COMBUSTION

AND OF DISCHARGE OF THE COMBUSTION PRODUCTS

1. Processes in the Combustion Chamber and in the Exhaust Nozzle

The processes taking place in the combustion chamber and in the exhaust. nozzle
consist of the combustion of the propellant at very high temperatures, and the
efflux of the combustion products at very high velocities. The processes of combus-
tion of the propellant and of the efflux of the combustion products are rather com-
plex conversions of energy from one form to another.

The components of ihe propellant introduced into the combustion chamber, having
a very small amount of kinetic energy (as the result of the low intake velocities)
and having a slight quentity of heat in the form of enthalpy (heat content), contain
a very substantial quantity of chemical energy. In the combustion chamber thgvcomr
bustion of this propellant takes place, i.e., the conversion of its chemical energy
into thermal energy, which increases the temperature of the combustion product to
very high values.

The combustion of the propellant cannot be complete, for the following basic
reasons:

1. With a coefficient of excess oxidizer less than unity, i.e., when oxidizer
is supplied to the combustion chamber in a quantity less than theoretically neces-~
sary, part of the ccmbustible will not participate in the combustion at all.

2. As a result of the high combustion temperatures, the combustion of the

21 STAT
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propellant will be accompanied by considerable dissociation, which leads to a still
more incomplete combustion of the propellant.

3+ As a result of the incomplete mixing of the components of the propellant a
certain part of the combustible does not burn, in spite of the presence of free
oxygen in the mixture.

Thus, at the exit of the combustion chamber and on entrance into the nozzle,
the total energy of the combustion products will consist of the enthalpy whose
value is determined by the temperature and the composition of the gas mixture; to-
gether with a very substantial amount of unutilized chemical energy. At high. gas
velocities at the exit of a high-speed combustion chamber, a certain amount of
'kinetic energy must also be taken into account.

The flow of the combustion products through the nozzle is likewise a rather
complex process, namely: In addition to the conversion of part of the enthalpy into
kinetic energy of efflux, there is a rather intense additional conversion of part of
the residual chemical energy in the combustion products into heat, for the following
reasons:

1. As a result of the considerable lowering of the gas temperature during ex-
pansion in the nozzle, a partial recombination of the molecules takes
place;

2. There is an additional partial combustion of the combustible, which was
not completed in the combustion chamber in view of the imperfect mi;)cing.

These two processes represent the conversion, into thermal energy, of part of

the résidual chemical.energy in the combustion products.

As the fundamental equation serving for the calculation of these processes, it

is entirely expedient to apply the general energy equation ordinarily employed in
the study of gas flow in gas dynamics, with a suitable modification of that equation.
This equation, for 1 kg of gas in the region of the duct 1l-2, is of the

** " general form:
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Q (ﬁt__Pz)_ Uy— Uy | wi—w? (26)
.4+n w) L t@&—2Z)+ 2 2% '

The following notations are used in this equation:
Q 1is the heat supplied to the gas or removed from it, over the path 1 - 2;

L, Lry are the technical work and the work of friction in the segment of the
duct;

is the work against the internal forces of pressure;

is the change in the internal energy of the gas;
is the change in the external kinetic energy of the gas;

2y - Zl is the change in the external potential energy of the gas.
In the case under study, no technical work is done, i.e., L = 0, and the work
of friction may be neglected in view of its smallness, i.e., Le. = 0. Negiecting .
the vanishingly small change in the enérgy of position of the gas, the energy equa-

tion for this case may be represented in the following simplified form:

N T2

or, after the usual transformations,

i_*_(m Pz)_ Uz—-Ul_*_wZ—wf

A A 2z

Q=i.—i1+A"’§—2—:"i. (27)

In this equation all the heat participating in the process is taléen as the
value of Q: the heat supplied to the éas from op.tside the system or removed from
it; the heat formed as a result of the conversion of chemical energy, i.e., due to
the combustion process; the heat produced by friction:, heat exchange with the sur-

rounding space, etc. In this case, from the total quantity of neat we must sepa-

rate the heat evolved on account of the conversion of chemical energy; let us repre-

sent this by the symbol x. Since heat is not supplied to the propellant nor to the

23
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combustion products by other means, it follows that Q denotes only the heat of fric-
tion and the heat exchange with the surrounding space. Thus the general form of the

energy equation will be as follows:

2__ .2
u+Q (28)

Xy —Xg=1lq—1 A
1 —Xy=1l3—1 + %

2

. ®) o,
x,+t,+A§;=x,+il+A§— . (29)

In view of the exceptionally great heat liberation per unit volume during the

processes of combustion and discharge in a liquid-propellant rocket engine, the

quantity Q is only an insignificant part of the total energy participating in the
processes; this quantity may therefore be ;simply neglected.s On the other hand, in
practical calculations, these losses may be taken into account by selecting the
proper values of the practical coefficients or by a suitable correction to the heat
value of the propellant. Therefore, we will hereafter use the equation of energy in

the form of eg.(28) or eq.(29), but without the quantity Q.
2. Coefficient of Heat Liberation

As stated above, the incomplete combustion of the propellant is due to three
main causes. The incomplete combustion of the combustible, owing to the supply of
an insufficient quantity of oxidizer, i.e., at « < 1, is simple to calculate, if «
is specified. If « = 0.8, this means that only 80% of the theoretically necessary
quantity of oxygen is supplied, and conseguently only 80% of a1l the combustible can
be completely burned. To determlne the proportlon of coxrbustlble unburned for other
_causes, the proper coefficient must be mtroduced. In internal combustlon plston
engines, the coefficient of heat liberation £ is adopted to allow for the quantity
of heat liberated up to the moment the comﬁ{lstion products begin to expand., Such a
coefficient is entirely acceptable for calculating the combustion process in a pis-

ton engine, where the combustion temperature is relatively low, since the at-

2L
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mospheric air is used as oxidizer and the degree of dissociation does not exceed
105 s 2%0

L e ol L A AL AL K ok

For .calculating 1;he combustion processes in 2 liquid-propellant rocket engine,
the incomplete combustion of the combustible, due to the considerable disso;:iation
of the gases, must be separately tal;en into account. For this reason the total co-
efficient o_f heat liberation £ is to be regarded as the product of two coefficients:
Eines» & coefficient of heat liberation, which has a value less than unity as a re-
sult of the incomplete mixing of the fuel components, Eaisgs & coefficient of heat

liberation, which likewise has a value less than unity, owing to the dissociation of

the combustion products.

it st I Wi L ARSI RS Y RS ] B R R RN SR NN

Consequently, & = €inc’ &qisge The value of E4iss is found, as will be shown
below, by solving the system of equations of chemical equilibrium; however, the

value of Einc ¢an be derived only from practical data; this quantity depends on the

propellant supply system in the liquid rocket engine, on the quantitative ratio of

the i:ropellant compone::ts, on their viscosity, on the temperature, and on a large

number of other factors.

The insufficient state of our knowledge as to the value of the coefficient of

5
5
|
|

heat liberation due to incomplete mixing, &i,., makes it impossible to run thermal

calculations with sufficient accuracy, allowing for the incomplete lib.eration of
heat., For this reason, the calculations of the combustion process may be handled in
two ways:

1. The incomplete combustion of the propellant, due to incomplete mixing of the
components, may be included in the total energy losses in the combustion chamber,
and the combustion may be calculated under the assumption that Einc =1,

2. After finding the practical value of Einc» one may allow for it in the cal-
culation by excluding these losses from the total losses.

3. Chemical Energv of the Elementg

To determine the chemical energy introduced by the propellant into the combus-

25
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tion chamber, a method of estimating the chemical energy of the component elements
must be established. There are apparently no generally adopted methods in the
literature. Indeed, in the article "Calculations of Thermal Processes at High
Temperatures", Ya.B.Zel'dovich and A.I.Polyarnyy take the chemical energies of 0,,
s, 002, and Hy0 as zero at 0° abs, while A.P.Vanichev, in his book: "Thermodynamic
Calculation of Combustion and Efflux in the High-Temperature Region", takes the
chemical energies of H_, 02, Né and C as zero at 293° abs. This second method leads
to calculations with negative values for the heat values of the propellants and the
enthalpies of the combustion products.

In technical calculations, where the heat value is the primary quantity, it is
more natural to adopt the former method of determining the chemical energy of the
elements, but at a temperature of 298° abs adopted as the reference temperature.

The determination of these quantities is based on the following procedure: The
~.process of. combustion of hydrogen, allowing for the possible dissociation, is ex-

e

“pressed by the following chemical equations:

.-

Hz + 0,503 -> H20“P,,+ 57 800 xca: / mole
OH+4-0,5H,— HZO"P"—}- 67 850 xcal [mote
2H—->H,+ 104180 Kcat [ mote

.There are five gases in these three equations (H,, 02 HyOyapor, OH, and H).

For two of these gases, we may take arbitrary values for their chemical energy, and
to reduce the volume of numerical calculation, it is best to equate them to zero; in
spite of the different numerical values for the different methods of selecting the
values of the chemical energy, the final results of the calculations of the processes
of combustion and efflux will undoubtedly be the same. The equation of energy
balance for the above three chemical equations will have the form

Xn,+0,5X0,= Xi,0 vapor + 57 800;.

Xon +0,5XH, = X0 vapor -+ 67 850;

2 Xy == Xu, + 104 180.

26
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For example, if we assume that XHZ"—' 0 and on = 0 and solve the three equa—
tions, we shall find that XH20 = ~-57,800 kcal/mole, Xoy = 10,050 kcal/mole, and
Xy = 52,090 keal/mole. ' ) ‘
To obtain numerical values ihat are closest to those usually adopted in techni-
cal calculations, it is more expedient to. take on =0 and ngO = 0; then the

solution of the equation will gxve

Xn, =57 800 xcal /mole, Xoq=38950 Kcal [mole

X3 =280990 Kcai [mole

From the two equations for the combustion of carbon:

C0O+4-0,50,=C0;--67 640

at Xp, = 0 and at Xgo, = 0, we find that Xg = 9%,050 keal/mole and Xgp =

= 67,6L0 kcal/mole,
A1l these calculations give the values for the chemical energy presented in

Table 43,

Table L4

Chemical Chemical
Substance Energy in Substance Energy in
kcal/mole kcal/mole

Hydrogen 57 800 Steam
Carbon monoxide 67 640 Monatomic

Witric oxide 21 600 hydrogen

Monatomic

Hydroxyl 38 950 oxygen

Oxygen 0 Carbon

Carbon dioxide 0
-, .

#The yvalues of the chemical energy are given in Table L for a reaction temperature

of 25°C, and are rounded off to the nearest 10 kcal.

27

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 014/04/01 : CIA-RDP81-01043R004200060002-3




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060002-3

b Jr gl s b s e D NN

L. Chemical Energr and Yea’ Value of a Provellant

As stated above, the concepts of chemical energy and heat value for individual
elements, gases and propellant components coincide. TFor a propellant, however,

these two concepts must be differentiated, namely: By the chemical energy of a

oo rora rk e, o P ot et Bt hom i

propellant we mean all the chsmical energy contributed by the propellant, regardless
of whether it can be liverated in the form of heat during the combustion process or
not, while the heat value of a propellant must be taken to mean only that part of
the chemical energy which theoretically can be liberated in the form of heat if the
combustion of the propellant is complete. Thus, at a coefficient of excess oxi-
dizer a egqual to 0.8, the maximum that can be burned is only 0.8 of all the com-

bustible supplied, but in calculating the chemiczl energy, the chemical energy of

the entire quantity of combustible must be taxen into account; if @ 2 1, then the

heat value of the propellant, after reaching 2 :27inite value at @« = 1, varies only

T e e —)
vt 7 Fr o R s T

slightly thereafter (just like the chemical energ_-,r) exclusively as a function of the
heat value of the oxidizer, somewhat decreasing for a negative heat value of the oxi-
dizer and increasing for a positive value., Ve present a more exact definition of

the concept of the heat value of a propellant for a liquid rocket engine: The heat

value of a propellant is the quantity of heat liberated on full utilization of ocne
of the components during the combustion process.
In accordance with the above, the heat value of a propellant at a <1 must be

determined by the formulas

Hp-_—-’ﬁ(Hp.c-}-koHv,o) Kcal | mole ' . (30)

« (H,, +koH,)
H,= &tk Kcal [Kg. (31)

The chemical energy of a propellant will be determined by the formulas

. X=H;,+okHHy, Keat [mole - (32)
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X= - : Kcal [Kqg.
e Kol [Kg (33)

The heat value of a propellant for « > 1 is equal in value to the chemical
energy and is determined by egs.(32) and (33).

Figure 1 gives the above quantities for various values of a, for the following

two propellants;

1. Kerosene (E, = 10,270 kcal/kg, composition by weight C, = 86%,.Hc = 1%,

N

0

04 05 06 07 08 09 10 11 12«
Fig.l - Characteristic of Propellants
Kerosene + 95% HNO4 °
1 - Yolecular chemical energy XuP; 2 - Xolecular heat value Hup?
3 - Chemical energy by weight X.p; 4 - Heat value by weight Hp
95% CZHGO + 80% }{202
5 - ¥olecular chemical energy Kpp; 6 - Molecular heat value Hup‘
7 - Chemical energy by weight Xp; 8 - Heat value by weight Hp

29
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arbitrary chemical formula Cq 1s5Hy)) and 952 nitric acid (chemical formula HNO3 e

* 0.184 Hz0, heat value H,, = ~1.,905 kcal/kg).
Consequently,

2.7,15+0.5-14=8 5

ko= 3—0,51

The formulas for calculation now take the following form:

=10270-100 +8,5-a ( — 14 905) = 1027 000 — 126 600z

1027 000 — 126600a |
X== ’
106 — 563,72

H.,=(1 027 000 — 8,5+ 14 905) a = 900 4002
H o= 9004002
& 100 — 563,73’
For a > 1
Hy=X and Hy=x.

2. 95% ethyl alcohol (chemical formulas CoHgO ¢ 0.135 Hy0, Hye= 290,580 keal/ke,

ug = L8.L4) and 80% hydrogen peroxide (chemical formula Hy05 ¢ 0.472 HYO, Hu =
= 72L0 keal/mole, ul = 42.5); k, = 6.
The corresponding computational formulas will have the form

X =290 580 4 43 4402, H, =334 0203,
¢ 290580 + 43 440a H 3340202
48,4 42552 ' & 48,44 255a
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CHAPTER III

CALCULATIONS OF PROCESSES IN LIQUID-PROPELIANT ROCKET ENGINE

1. The Principal Processes in a Iiouid-Propellant Rocket Engine

For the further calculations the following notation is adopted for the princi-
pal cross sections in liquid-propellant rocket engines (Fig.2).

At the section ¢ ~ ¢ the atomized mixture of the propellant components arrives,
and the combustion process begins; in the section z - z the process of combustion

is substantially concluded, and the combustion products enter the exhaust nozzle;

the passage of the combustion products

N
R

through the nozzle is accompanied by further

.

combustion of the propellant, which has not

)

been completed in the combustion chamber,

afb~=f—-—o

~N
R

and by a substantial recombination of the

molecules, due to the decreased tempera-
Fige2 - For Calculating the Processes

ture during efflux.
in a Liquid-Propellant Rocket Engine

The velocity of the chemical reaction
of combustion of the propellant evidently varies for different rocket propellants,

Just as is the case for the duration of the prépara.tory period; besides the form of

the propellant, a considerable number of other factors affect these quantities: the

combustion temperature, the weight ratio of the components, the temperature of the

arriving components, the degree of atomization and mixing, ete.

Thus the coefficient of heat liberation at the end of the combustion chember,
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€ine z» may have various values governed by the above factors. It is most natural
that this coefficient should not be amenable to theoretical determination, meaning
that it must be established on the basis of practical considerations and data for

existing liquid-propellant rocket engines, In the same way, without data on the

completeness of the afterburning of the propellant during the exhaust process, we
must confine ourselves to practical and experimental data on the values of the co-
efficient of heat liberation in a cross section of the nozzle, Einc a¢ The value
of £45,c a 8lso depends on the residence time of the combustion products in the
nozzle, i.e., on the rate of flow of the gases and on the length of the nozzle.
The process of efflux is complicated not only by the afterburning of the pro-
pellant but also by the recombination of the molecules due to the drop in the tem
perature of the combustion products. There is no reliable assurance that the re-
combination of the molecules proceeds so rapidly that the combustion products are
always in a gstate of chemical equilibrium, nor that the oscillatory energy of the
atoms in the molecules (which is restored in any case more slowly than the rotation-

al and translational energy of the molecules) may vary so rapidly that the combus-

tion products are always in energetic equilibrium., There are no definite data as to
how completely chemical and energetic eq!;ilibrium is restored. This is even more
emphasized by the fact that these quantities also depend on the residence time of
the combustion products in the nozzle and thus on the velocity of flow and on the
length of the nozzle.

Theoretically, one might imagine two extreme hypotheses about the efflux of the
combustion products:

1. Extreme non-equilibrium exhaust conditions, when it is assumed th;a.t the
chemical and energetic equilibriums are restored very slowly; it is assumed in this
case that the chemical composition of the combustion products does not vary at all,

since there is no afterburning of the fuel, and the oscillatory energy of the atoms

has remained constant. Thus, under this stipulation it is assumed that no additional

32
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processes other than the conversion of part of the enthalpy of the combustion
products into kinetic energy takes place, i.e,, that in this case the process of
efflux of the combustion products is adiabatic,

2. Complete equilibrium efflux, when it is assumed that both the chemical and
energetic equilibriums are very rapidly restored; under such conditions it may be
assumed that the chemical composition of the combustion products, like the‘oscilla-
tory energy of the atoms, corresponds at all times to the temperaturé; moreover,
there is also an additional partial afterburning of the propellant,so that the co~
efficient of heat liberation at emergence from the nozzle . is higher than the

inc a

same coefficient at the exit of the combustion chamber, Thus, in this case,

ine z*
the process of efflux takes place with the addition of a cohsiderable quantity of
heat, due both to the afterburning of part of the propellant and to recombination of
the molecules; consequently, this process must be regarded as a polytropic process
with an index of polytropy n smaller than k.

The actual proces‘s of efflux must be somewhere between these two extremes, and
the longer the nozzle and the longer the time of exhaust, the closer will the
process come to complete equilibrium of efflux. Recent research has shown that the

actual process of efflux takes place in a manner very close to the equilibrium state.

It is therefore more rational to calculate precisely this equilibrium discharge,

and then to apply practical coefficients to allow for the deviation of the process

from equilibrium,

2. Composition of the Combustior Products

The principal quantities determining the composition of the combustion products
are as follows: the coefficient of excess oxidizer «, the coefficient of libera-
tion of heat with respect to completeness of mixing Eine z? and the actual combus~

tion temperature T,. The composition of the combustion products is very complex,

TN e

owing to the considerable degree of dissociation. If we neglect the presence of

33
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several gases contained in very small amounts in the combustion products, we may
assume that in the general case the combustion products censist of CO,, CO, Hy0, H2,
OH, Ny, 0.2, NO,, H, and 0.

Calculations and experiments show that, at lower dissociation temperatures,
there is more H2 than OH, while at higher temperatures the quantity of OH consider-
ably exceeds that of H2. The monatomic gases H and O appear in appreciable quanti-
ties only at temperatures over 24,00° abs.

In the most generally adopted case, the dissociation of the combustion products

is determined by the following chemical equations:

CO 40,50, 2COy
Hy + 0,50, < H,0;
OH +0,5H; € H,0;
2H 2 Hy;
20 0y;
NO €0,5N; 4+ 0,50,.

The quantity of gases in the combustion products is most conveniently

determined from their partial pressures, since it is well known that

Pl —p, (34)
Pz

i.e., the partial pressures determine the volumetric composition of the gas

mixture.

In accordance with the above equations for the chemical reactions, the follow-

ing six equations of chemical equilibrium may, be set up:

4/01 : CIA-RDP81-01043R004200060002-3
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(38)
(39)

. (40)

PNO__ K
P

In these equations the equilibrium constants Kpl’ sz «es are taken from the

appropriate Tables (Appendix I). The seventh equation determines the pressure of

the combustion products as the sum of the partial pressures of the component gases,

as follows:

Pco,+Pco+Puo+ pu,+Pou+0n,+Po,+ Pro+Pu+Po=p, (1)

Three more equations must be set up to permit determining the composition of
the combustion products at a specified temperature. These equations are set; up as
equations of material balance, based on the data on the composition of the fuel
components and on their molar ratio. In the most general case, the mixture of the

components before combustion is defined by the sum:
C,Hp0, - mH,0 + ak HN,0,C, mHy0.

This mixture contains the following number of atoms of the component elements:

Carbon
Hydrogen m-+-2m.+ak, (£ 4+2m,)
Oxygen -~ Ptmctake (v4mg)
Nitrogen
This number of atoms must persist in the combustion products formed. Carbon is
contained in only two gases, 002 and CO, one atom to the molecule of each gas;
consequently,
Mco,+ Mo =n+akg.
Hydrogen is contained in hydroxyl OH and in monatomic hydrogen, one atom in
each, while water vapor Hy0 and diatomic hydrogen contain two atoms each;

consequently,
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2 (Mujo+ Mu,) + Moy + My == m + 2m_+ ak, (£ +2m,).

For oxygen, we get

2 (Mco,+ Mo,) + Mo + Muo + Mo+ Myo+ Mo=p+m +
+ak (v+m,),

and for nitrogen,
2Myn, + Myo=ak u.
The uniknowns in these four equations are the numbers of moles in the gases:
MCOz’ HCO’ I‘::_:zo, etCe.
They may be replaced by expressions in terms of the partial pressures; the

equation for an7y component gas will have the form
M
Pi=rp, = pr

MmMEL
Ps

Let us rewrite the equation so obtained in the following way:

fi (Pco, +Pco)=m+akq,

f‘- (2(Pr04P1) + P+ i) = m + 2me+ak, (£ +2m,);

—3’- [2(pco,+ Po,) + Pco +PH,0 + Pou +Pxo +Pol =P + M+ aky(vV + M),
2 .
pﬂ (2px, + Pro) =akou.

These four equations contain the new unknown M, the total rumber of moles of
corbustion products. This unknown may be eliminated by dividing any three of these
equations .by tre fourth one; it is most convenient to divide the three last equa-

tions by the first one.

After division, we get the three missing equations of material balance:
2(1’}{,0+PH,)+POH+PH _ m+2mc+dko(t+2mo) , ( )
Pco, 1 Pco n+ akoq 42
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2(pco, T+ Po,) T Pco + Pu.0 P0H+PN0"LP0 P+ me+ ako (v -+ mo) .
pCO,+pco n+ uo' (hB)

2pxn, + Pyo - akou
Pco, +pCO n+akog

(k)

If the fuel components are specified, not by the chemical formula but by the
elementary composition by weight, then the equations of material balance are set up
on the basis of the following considerations: The weight of oxygen in 1 kg of fuel
at an oxygen concentration o,% is equal to

Oc e

. 100 100 %

ak'o

while, in the corresponding quantity of oxidizer, its weight is 160

moreover, the weight of oxygen in the water is
—g—?a [100 —o.+ lk; (lm —co)] Ky

and calculations of the weight of hydrogen yield:

In the combustible

koHo S0
100 100

1 : ' :
7at ) — R 100—% ’
In water 515 [1’10' o+ ak,( )] xg

In the oxidizer Kg,

For carbon:

’ C:
In the combustible ’176 1(” Kq,

In the oxidizer ak,Co 2 Xg.
100 100

Simple argurents lead to the following equations :
p + Mc+ ako (v+ mo)s
n+ akog

’ 8 L)
0,2 + ak,00% + 100--9— [100 — o, + ak, (100 — g,)]

Cesc+ ak;C,«,

m 4 2m; 4 ako (¢ 4 2m,) -
n 4 akog

37
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. 1 ,
12 Hes, + ak,Ho3, + 100 - Y {100 — g, 4 ak, (100 — g5)]

1 G + ak,Colo ’
akou 12 ak;Noco

nt+akog 14 G +ak,Cot

Consequently, the equations of material balance in this case are brought into
the form of

2pco,+ Pco + Pr,o+ Pou 2P0, t Py +Po
pCO. + pco

O,s.+ ak,Ogso + 100 - —g— 1100 — o, + ak;, (100 —~ a5)]
=0,75

C, 90+ akyCato g
2Puo+2Pn,tPoytPy _
Pco, tPco

. Hs, + akHoz, + 1oo‘—;— [ 100 — o + ak, (100 — a,)]
=1

C.o.+ ak,Co%% !
QPN, +PN0=—§_ ak;Noco

Pco,tPco 7 Cea.+ ak;Coco
The above ten equations permit determining the composition of the combustion

products for any desired temperature. In calculating the combustion process, the
composition of the combustion product is determined for two or three selected tem-

peratures, after which, using the equation of energy, the actual combustion tempera-

ture is found and thus also the actual composition of the combustion products.

3. The tion of Ener the Combugtio ocess

The equation of energy, allowing for the incomplete liberation of heat as a
result of incomplete atomization and mixing of the components , is constructed on the
basis of eq.(28) or eq.(29). With total heat liberation, i.e., for &y, , =1,

. eq.(28) takes the form

2 2
v, — W,

% +Q.

x,——x,=i,—i,+.{l

38
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Neglecting the quantity Q and the variation in kinetic energy, i.e., assuming

that

Q=0,
wp— g

2¢

A =0,

which is entirely permissible for a low-speed combustion c};amber, €q.(28) may be
represented in the form

Xo—X;= l:"'"c
or

xz+iz=xc+i¢'°
Hereafter, for simplicity, we shall introduce the term energy content for the

sum of the chemical and thermal energy, and shall denote it by e.

Thus the general equation of energy for the combustion process may be repre- -
sented in the form

e, = ¢,
where
e, =Xx,+ i:v

o= x‘.+i .

If the coefficient of nheat liberation is less tha.n’ unity, then, instead of the
quantity of heat that could be liberated on total combustion; namely Hp, only
Zinc z Hp will be liberated, while a part of the heat, amounting to (1- %40 5) A
remains in the form of chemical energy and must be taken into account in eq.(28) by

means of the separate term. Thus, the equation for the combustion process, allowing

for incomplete combustion, will have the form
x,+i,+ (1— E..:) Hp=xc+ L

%+ i=x +i—(1—8,) /.
Applying the concept of energy content, we get

e, = ec—(l —g.‘z)’{,:'

where all the quantities on the right side of the equation are known, if the value

of the coefficient of heat liberation £i,0 5 is selected on the basis of practical

39
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considerations. .

On the left side of the equation, the quantities x, and t, represent the chemi-~
cal energy and enthalpy of 1 kg of combustion products at the exit of the combustion
chamber. These quantities, on the basis of the solution of a system of the ten

equations given above, may be expressed as follows: TFor any ith gas we may write
Pz

where M is the total number of moles of combustion products, and ij the number of
moles of the ith gas. Knowing the number of moles of each gas in the combustion
products, and having the tabular data of the values of Ij for the temperature

selected as well as for the values of all x;, we may write:

1:"2le1= %Epizlir

X,= 2 MX,= %{;Zl’nxi-

In order to recalculate eqs.(47) for 1 kg of combustion products, they must be

7

divided by the weight of the combustion products obtained on the combustion of
1 mole of combustible; this weight, at oc% concentration of the combustible and at

003 concentration of the oxidizer, is equal to

o

G, = p,+ a2k, + 18 (m + ak;m,) =100 ({'f + ___""°“°) )

On the other hand, the molecular weight of the combustion products is

G

Pl M

and, consequently,
GF = Mp‘o

Hence, making use of eq.(l;?), we may write
A . I 1 N _
l =—== R :oy
z G* WzPz 2 piglu

Xy 1
x — — . X.‘
TG, v 2’” e

LO

TTISTTTE
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Thus the left side of eq.(46), if eqs.(L8) and (49) are used, is brought into

the form:

L+x,= P':]Px (21’1:’1:'*‘ Zpixxi);'::—’;zph(lh'*'xl)

) .
= E.. (50)
¢, p,p,zp“ iz }

The values of Ej, for various gases at various temperatures are given in Appen-

dix II,

The molecular weight of the combustion products is determined ‘from the formmla

P;"'Z":P:"E%H“ "’1:21’“1”1' (51)

Consequently,
‘ i 2}’1:11:
z 3 Piaki !
3 pisXi
Y pisei
- E}’ixfix . (53) .
! zpiz?i

Thus for any arbitrarily selected temperzture, 2ll calculations may be per-

X, ==

formed to determine both the composition of the combustion products and their en-
thalpy, together with the amount of chemical energy remaining umutilized. )
For the three arbitrarily selected temperatures T;, T: and T'z" , let x;, i;, x’;,
i;, x'z", and i:', respectively, be found. The actual combustion temperature may be
determined by interpolation, using the following three equations:
A+ BT, +CT 2= x,+i,
A+ BT, +CT?=x,+i,
A+ BT +CT;?=x] +i.
From these equations, we determine the values of the coefficients A, B, and C

and then sei up the interpolation equation:

A+4BT,+CN=ec,= e.—(1—t ) H, (54)

G WL S A TE SO by e s

TR
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from which the actual combustion temperature Tz is determined. To determine the

actual composition of Lhe combustion products, partial pressure curves may be
plotted in the axes p; vs. T, (Bibl.l) and from them the partial pressures at a
temperature T, may be found. For practical calculations, in most cases, the curvi-
linear temperature dependence may be replaced by a linear dependence, vhich yields
sufficient accuracy if the temperature range is not particularly large.

In that case the interpolation equation takes the form:

M4NT,=x.+i.—(1—8) H), (55)
To determine the coefficients M and N, the following two equations are set up:
M4 NT,=x,+7,
M+ NT,=x,+i,

x5+ iy — (5, +1))
T,—T,

AT, — 5+ DT,
T,—T, '

N o=

M=

The solution of eq.(55) gives

—(1--&Q) Hp— M
7, te= (b e

L. The Equation of Energy in the Exnausi Process

In the general case, as stated zbove, the equation of energy for calculating
the processes of combustion and exh nas the form of eq.(29):

) wj , v}
: xg.'*'it'*‘A_?—'g”:xl'*'ll'{‘A_?;—'

In calculating the process of efflux of the combustion products through the

exhaust nozzle, the right side of the equation represents the total quantity of

energy in the combustion products at the beginning of the efflux, i.e., at the exit

L2

R TENLTE QLS
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of the combustion chamber, namely

. ' ”
x,+i+ (1) H+ A '2—‘—

' ¢:+(1—L)HP+A_:%‘
while for low-speed combustion chambers the last term of. this mq)re;xsi;n may be
neglected, The left side of the equation must represent the total quantity of
energy in the combustion products on emergence from the nozzle, i.e., in tl;e cross
section a - a (see Fig.2). This energy consists of the remaining unutilized chemi-
cal energy x, which, owing to dissociation, was not transformed into heat, the en-
thalpy of the combustion products i,, the kinetic energy A —;g— and the chemical
energy which, as a result of the incomplete combustion of the propellant, was not
liberated in the form of heat (1 - Eine a) Hpe Under such conditions, the general
equation of energy for the process of efflux takes the form

A +(1—t)H,=x,+i,+ (1) H +A—'-"--
x.+t,+ 2 W ] P 2 2 4 2%

For nonvelocity combustion chambers, as already stated, the last term of the

right side may be neglected without appreciable error. In this case, the equation
takes the form

o : :
X, +i,4+A -;;—+(1—§,)H,-x,+i,+(1—uﬂ, (57)

[
or, since

xz+iz=xc+ic—(l_§ﬂz) Hp
we may write finally ’
2
xa+i¢+A'fi=xc+ic_(l.—§ad)l.lP
2 -
o
¢¢+A __“_.=3c-—(1—§_¢)H,
P4

This equation, in combination with the ten equations given above, makes it

L3
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possible to perform all necessary calculations. In the following Sections we shall

give the methods of calculating the process of efflux under the two extreme assump-

tions set fortn above.
5. Calculation of Extreme Case cf llonecuilibriunm Efflux

The assumption of the extreme case of nonequilibrium efflux includes the fol-
lowing assertions:

1. No recombination of molecules takes place dlering efflux, the dissociated
combustion product remains dissociated, in spite of the considerable temperature
drop during efflux (extreme chemical nonequilibrium).

2. The heat capacities of the combustion products, and consequently also the
value of the adiabatic index k, maintain values determined only by the rotational
and translational motion of the molecules; the oscillatory energy of the atoms re-
mains unchanged.

3. The process of afterburning of the fuel during efflux of the combustion
product doeg not occur, i.€e; &0 a = Bne z° ‘

It follows that x, = x, and §5 = ¢y, and the efflux is characterized by a
single process, the conversion of part of the enthalpy of the combustion product
into kinetic exhaust energy, i.e, ,' in this case, the exhaust process will be adia-
batic. Under these conditions, eq.(57) takes the form '

i.+A-wz—i=i,.
P74

T 2% ;. o — '
— ’ N 1.03 = l/_‘f— (l;—fl‘a) =91!5§}/’2_‘ M - - - ‘..(5_9_).__ P
In this equation, the enthalpy of the combustion products at the emergence from

the nozzle is the unknown quantity; it may be determined from the equation

N A
‘¢=; El’u}‘cﬂv (60)

LL
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where the values of the uCp; are taken from the data for molecular heat capacities
given below.
. For determining the values of I, at a known temperature, the Table of Appen-

dix IT may be used; from the value of Ey = Ii + Xj found from the Table we subtract

the value of the chemical energy Xj,taken either from the same -Table at T,= 298° abs
. or from Table L (in the text). It should be remembered that, in the system of
reference adopted, oxygen, nitrogen, water vapor, and carbon dioxide possess no |
chemical energy, and that for them I3 = Ej.

l . To determine the values of Ii‘ it is necessary to know the temperature T, of
the gases on emergence from the nozzle; this temperature is determined from the i

usual relation for an adiabatic process:

. - .
' To_ (2T (61)
7, Pz

To determine the values of the heat capacities pCp and uCy, and also the value

of k, one must start out from the following considerations.
At the initial moment of expansion of the ccmbustion products, they are in

: chemical and energetic equilibrium. Energetic equilibrium assumes that the oscilla-
tory motions of the atoms proceed -in accordance with the temperature to which the
gases were heated during the combustion process. On expansion of the gases in the
nozzle, in accordance with the assumption of energetic nonequilibrium of the process
that we have adopted, there are no variations in the oscillatory energy; consequent-
1y, the heat conients of the gases are determined only by the translational and ro-

B . .. tational motion of the molecules, and are independent of the temperature variations.

These heat capacities may be determined from the values of the molar heat
capacities calculated according to the molecuiar-kinetic theory of heat capacities;
we may take, in round numbers:

- For monatomic gases: i
1nCoy=298 Keal /mole ; t

i L5

[t

- . . i

= AT
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FCF2 98-1-1 99—4, 97 Keal / !mole ;

For diatomic gases:

wCv=4,96 Kcal /mote; uCp=4,96-1,99=6,95 Kcal / mote
For triatomic gases one musi use the corrected values of the heat capacity:

for COy pC,=6,71 Kca! /meie | pC, =870 Keal Imoate
for HyO pC =x6,80 Kcil [mole } C’ 8,79 Kcal /molc .

. The heat capacities of the gas mixture are determined by the formulas

pC =— Zpizp piy

l"Cv - "; Eplzcm"

6. Calculation of Extreme Eouilibpium 2FIux

Under equilibrium efflux, the corbustion products are in chemical and energetic
equilibrium-in all cross sections of the nozzle and, consequently:

1. The composition of the combustion products varies at all times, as a result
of the recombination of molecules due to the temperature drop during exhaust.

2. The oscillatory energy of the atoms varies with the decreasing temperature,
so that also the values of the heat capacity cp and ¢, decrease, while k increaées.

3. To supplement the above conditions, we may introduce the assumption that the
fuel, during the exhaust process, has tize to undergo partial afterburning, as a re-
sult of which the coefficients of hea: liveration must increase “inc a” %ine z).

The first and third conditions established the conversion into heat, during
dis‘cha.rge, of a considerable part of the chemical energy contained in the combustion
product before entering the nozzle; conseauenuly, the exhaust process takes place

under addition of heat to the combust:.on products, i.e., the exneust process in this

case must be regarded as polytropic, with an index of polytropy n less than k.

At the same time, the introduction of the second condition assumes the tempera-

Lé
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ture dependence of the heat capacities, and consequently, the increase of the adia-
batic index with decreasing temperature.

A1l the above factors determine the method of calculating the equilibrium
efflux of the combustion products. The fundamental equation for the calculation is

eq.(58), which has the form

ea+";i;= B‘,

. if the calculation is performed under the assumption of ideal mixing of the com-

ponents (E4n. o = E4nc z = 1) or

w
ea+A5;=¢c—(1—§.,¢)lipo

if it is desired to make allowance in the calculation for the non-afterburning of
the fuel as a result of incomplete mixing.

In this equation the right side is known if the value of the coefficient of
heat liberation in the cross section of the nozzle.§j,. o is {irst established on
the basis of practical data.

The solution of this eguation, as in the case of calculation of the combustion
process, reduces dovm to a selection of the temperature T, at which eq.(58) becomes
an identity.

For any predetermined temperature, T, may be found by using the Table from
Appendix II:

1
b= —— Y Piatiar

The value of the second term on the left side of *he equation is determined

from the conventionzl equation
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n== .
g2 Ta

Pa T )
To determine the quantities i,, x,, and e, at the selected temperature T,, the

(1)

above system of equations’ (35) to (44) rust be solved. The solution of this system
in this case is sometimes considerably simplified as a ;'esult of the cooling of the
gases during efflux, Calculations show that for a kerosene + nitric acid propellant,
at the temperatures of emergence from the nozzle, the monatomic gases H and O are
entirely absent, while hydroxyl OH, nitric oxide IO, and oxygen O, are present in
such small quantities that they may be neglected and the products of combustion as-
sumed to consist only of the following gases: CO,, €O, H,0, H,, Nye Under such

conditions, eqs.(37), (38), (39), and (40) are dropped, and from eqs.(35) and (36)

an equation for eliminating p02 from them is set up.

Thus the computational system of equations will consist of the following five:

PeoPuo _ Ky,

Pco,Pn, Ky, ’ 2

Pco, + pco +puo+Pu, +Px =P, (66)

2(Puo+ru,) M+ 2ms+ aks ( +2mo)

Peo, ¥ Peo n+ akeg ' (67)

2pco, +Pco tPuo P+ m, + ako (0 + mo)
Pco, + Pco R+ akoq

Pco, + Pco n+akeq

’ (68)

(69)

For any arbitrary selected temperature T,, in this system of equations, only the

K;
value of -—Ki— will vary. The solution of this system reduces to a determination of

the value pco2 fron a quadratic equation in which only one root has a physically

real value, since the other root is negative. The solution of this system of equa-

tions will be shovm in the examples of calculation given below. For propellants
where the oxidizer is oxygen, such a simplification is not recommended, since it

Jeads to considerable inaccuracies.

= T
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Tt must be borne in mind that, owing to the recombination of molecules and the
partial additional afterburning of the fuel, the composition of the combustion
products will vary substentially, and their molecular weight will increase somewhat,
leading to a decr.ease in the gas constants of the mixture. In most cases these
changes are small and may be neglected, but, at higher combustion temperatures when
strong molecular recombination takes place during the exhaust process, the varia-
tions in molecular weight and gas constants become substantial; in such cases the
exhaust process must be assumed as occurring at a mean value of the gas constant.

Thus, on determining the molecular weight of the combustion products on emer-

gence from the nozzle by a formula analogous to eq.(51), namely

! .
Bg=—"" Piati (70)
Pa

Hotbe oy and R-%. (71)

The velocity of exhaust of the combustion products may then be determined by

W, = |/2g-n-1‘_—T RT,[I —(ﬁ)l?] . (72)

Thus we have found all the data for calculating the nozzle.

the formula

A . “w e e . . .

2 R R ]
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CHAPTER IV

EXAMPLES OF CALCULATIONS

-Example 5. Calculate the processes of combustion and efflux of the combustion
products for the propellants: tractor kerosene (Yc = 0,82 kg/ltr, C. = 86.3%, H, =
= 13,73, H, = 10,275 keal/kg) and 957 nitric acid (Yo = 1.5 kg/ltr, my =
= 0,18, mole/mole). The coeffit-:ient of excess oxidizer is taken as a = 0,8; the
coefficient of heat liberation at the exit of the combustion chamber, as &jn. 5 =
= 0.92; in calculating the extreme equilibrium efflux we take 5. 5 = 0.98. The
pressure in the combustion chamber is assumed as py = 25 kg/cmz, and the pressure at
emergence from the nozale as p, = 1 kg/cm2.

The arbitrary chemical formula for kerosene has the form

Cr.aoHis,a

For a specified coefficient of excess oxidizer, the molar ratio of the propel-

lant components will be

2:7,19+40,5-13,7 _ 68 mole /mole
ak°=‘0)8 3-0'5 ’ /

With an arbitrary molecular weight of kerosene, taken as p, = 100, its molar
heat value will be

H, =100-10275=1027500 Kcal /mole

For 95% nitric acid, eq.(8) gives

Hy,=57600-0,5-1— 41400 —10500-0,184= — 14430 Kcal [mote

gL e e S e
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The weight coefficient of the component ratio, by eq.(12), will be:

) 63100
ak, 6,8 1 w451 KoKy

The volume coefficient of the component ratio, according to eq.(13) will be

. 0,82
ak, = 4,51 s 2,465 itrltr

The weight of 1 mole of 95% nitric acid is

o= 630 =66,32 Ky mole

The heat value of the propellant used is determined from eqs.(30) and (31) to

H, =0,8 [1027 500+ 8,5 (— 14 430)] =723 880 Keat /mate

H = *723 880

= m=1314 Kcal /@.

The chemical energy of the propellant is deterxmined from egs.(32) and (33):
X=1 027 500-6,8 (—14 430)=929 380 xcal /mole

923 800

’m‘= 1673 Kcal /xq

X

Thus 1 kg of this propellant introduces 1673 kcal of chemical energy into the
combustion chamber, but on complete cambustion the paxdimum heat that can be liber—
ated is only 1314 kecal, since the oxygen will be insufficient for complete combus~
tion of the combustible, since only 80% of the theoretically necessary oxidizer have

been supplied.

AN e ]

1. Caiculation of the Combustion Process

The combustion process may be calculated under two assumptions:

a) The incompleteness of the combustion of the propellants due to incomplete

mixing relates to the total losses of energy in the combustion chamber, taken into

51
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account by the appropriate value for the efficiency of the combustion chamber.
Under this assumption, the coefficient of heat liberation due to incomplete
mixing takes a value equal to unity, i.e., E’inc . 1.
b) Incomplete combustion of the propellant as a result of incomplete mixing is
- evaluated in practice by an appropriate choice of the value of the coefficient of

heat liberation Eipe z < 1; in this case tine z = 092

¢=1673-}13=1686 Kcal /K3,
and the equation of energy for the combustion products takes the form

A Euo—=1
| Equation (46) takes the form
Xptis=Xet1e
or :
eg=—~0c,
The initial enthalpy of the liquid fuel is determined from the equation:
% akoCopo) t 0,632-100 4 6,8-0,481-66,32) 25
l “E (c¢'c+ o ;d‘o) 4 — ( + 32) ‘13 Keal /xq. ]
B + ko, . 100 +- 6,8-66,32

| We found above that '
} . Xe=1673 Kca) /xg,
’; Consequently,
1
|

¢,=t.+x,=1686 Keal [Kg.

The system of equations for determining the composition of the combustion
products at a predetermined temperature, is obtained in the following way:

! ) The right sides of the equations of material balance (42), ‘(hB), and (44) teke

the following numerical values in this case.

i3 For eq.(l;é):
m+2m, Fako (€ +2my) _ 13,7+2:0+68(1+20.189) 4, °
n+ akog 7,1946,8-0 =

For ea.(43):
p+metako(vtmo) 0+0+683+0,184) 350
n+ akog 7,1946,8-0 e

52
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J T cntali ettt i i

for eq.(L4):

akol - 6,8.1 —
n+okeg 7,194-6,8-0 0'94§'

Thus the system of equations is brought into the form:
0.5
PCo°P
= ='KP|;
Pco,

0,5
Py, Po, .
v, SIS K"; ‘ (b)
Pno

(e)

()

(e)

(1)

pco, + Pco + P,0 + P, +Pon +P¥, +Pon +Pro+PutPo= 25; (g)
2(pu0+Pu)tPontr 3.2 o
Pco, + Pco
2 (pco, + Po,) + Pco+ Puo+ Pon + Pxo+ ko
. Pco, + Pco
2pn,+l’so -0'945. 1
Pco, + Pco

=3,01; (1)

The solution of this .syst of equations is performed for several predetermined

°

temperatures by the method of successive approximation.

Let us set the values of the pressures of thcse gases present in small quanti-

ties in the mixture as equal to zero, namely:

POH=O. P0,=0, pnogo, pﬂ=0, po=0.

Under this assumption, the system of equations takes the form:

pco, + pco + pu,o -+ Py + PN = 25;

53
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Protr 321
= — == ]| 0}
Pco, t+ Pco
2Pco, +Pco TPHO __a 1.
Pco, + Pco v
’N, 0.945

+=0,4725..

Pco, T Pco

The fifth equation is obtained by dividing eq. (a) by eq.(b), whence

Pco 'Pu,0 _ KP: . (a'b')
Pco, *Pu, KP:

The solution of this system of equations is performed as follows: From eq. (i),

PH,0 is expressed in terms of PCo, and pcod

o= 1,01pco, + 2,01pco.

Further, from eq.(n'), PH, is expressed in terms of the same quantities by sub-

stituting the value of PH,O
pw, =0,59pco, —0,41pco.
Then, from eq.(J'), we determine py,
P, =0ATZS (pco, +Pco)-

All these values are substituted into eq.(g'), and, in this way, we get the re-

lation between pgo and Pcoot
Pco=8.137 —pco,.

A1l partial pressures may now be expressed in terms of pcoz:
Ppu,0=16,355—pco,
Py, = Ppco, — 3,336,

pxn, =3,844.
n so obtained into eg.(a'd!) leads to 2

The substitution of the expressio

quadratic equation in one unknown: o
(8,137 — pco,) (16,335 — Pco,) _ Ka,
Pco, (Pco,— 3,336) KP:
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“ After transformations, this equation is reduced to the form
(K" —l)p . —(24492 3,336 2 ")pco,—l3308 —o0.

By solving this equation for any temperatures selected, we get only one real
root. Vhen this equation is used for various temperatures, only the value of Tl-
varies. ' .

Ve give below a detailed calculation for the temperature 2800° abs.

From the Table of equilibrium constants (Appendix I) we find for temperature
2800° abs: Ko = 0.1565, Kp, = 0,02233, Kp, = 0.02091,' Kp, = 0.006849, Kpg =

= 0.003345, Kpg = 0:0937h, —,{-’L 7.008.

Consequently, the ouadra\.ic equation takes the form:

6,008p%, + 1,113pco, —133.08=0.

Solution of this equation yields

pco,.-'-' 4,516 alm abs

since the seccnd root of this equation is POOZ = -5,88,

Now we determine the remaining partial pressures:

Ppco =28,137—4,616=3,521 aim abs

PHO== 16,355——4.616==11,739 atm abs
pu,= 4,616—3,336 == 1,280 aim abs
Pn,=3,844 atm abs -

Thus the composition of the cambustion products has been found in first approxi-
mation.

Making use of the approximate values of the partial pressures so found, we may
determine the compositicn of the combustion products in second approximation, i.e.,
we may find: .

From eq.(a)
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. 2
_ Ko, Pco, * - 0,1565-4,616 ==(,042 atm abs
Po.,= _—_Pco 3,521

From eq.(c)
p _ Kp,'pH,O 0 0209
oH= —7 == ==

=(,217 atm abs

From eq.(d)

py="V Ky, pr, = 0,006649-1,280 =0,092 atm abs
From eq.{e) =~ T TTTe—— o
po=V Kopo,=V/0,003345:0,042=0012 atm abs

From eq.(f)

pro = Kp, V P, -Po, =0,09374 1/ 3,844 .0,042= 0,038 atmabs

The quantities so found are substituted into the corresponding original equa-

tions, after which these equations are brought into the following form:
PCO, +pCO +PH.0 +PH. +pN' =24,599, (8“)
309
%m0t 2Pu +030 _ 4o or)
Pco, + Pco ‘

2pco, +Pco T PHo + 0,351
* Pco, T Peo.
Pco, *Pco

=301, (1)
=0,945, B¢

From the last three equations, the pressures pﬂzo, pﬂz and pNz are again ex-
pressed in terms of the partial pressures PC02 and pgo» as follows:

pu, =0 59pco, -0 41pco +0,1965;
P = 0'4725 (P_co, + Pco) — 0,019,

These expressions, on substitution into eq.(g") give, in second approximation,

the relation between the partial pressure pgp and pCOZ:
Pco= 8,063 — pco,.

.-Then, by substituting this relation into the preceding equations, we-determine
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the relation between the remaining partial pressures and the pressure pCOZ:

Pro=15,856—pcoy,
Py, =pco, —3,109,
py, =3,791.

By substituting these relations again in eq.(a'd?), we get:

(8,063 — pco,)- (15,856 — pwo"‘ -=7,008
Pco, (Peo, —3:109) .

6,087, +2,131pco, — 12785=0-

The only satisfactory root of ihis equation is the partial pressure:

the remaining pressures, in second zpproximation, take the following values:

Pco™3,624 atm ads

prom= 11,417 atm abs
pu,=1330 atm abs
Py, ==3,791 atm abs

The values of the pressures, in third approximation, are found to be as
follows:

3,624

Pon™ &@—}2:—-———-— __:1;'“7 = 0,207 . aim abs

Py o=/ 0,006649-1,330= 0,004 aim abs

=(£_L551‘Lﬂ )’ = 0,037 atm abs

pO-V0.0033~}5¢’9,%7-=0,011 atm abs
Pro=0,09374) 3,791-0,037=0,035 atm abs
The equations for determining tte reraining partial pressures are somewhat

odified, as follows: "
. pco, + Pco + p.o+Pu, + Px, = 24,616, (g* ™

QPH’O i 0,01 =3,2, (ht ™)
Pco, +pPco ’
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2pco, +Pco +Puo +0.327 301,
Pco, + Pco
2w, 10085 0,945.
Pco, +Pco
Consequently, the relations take the following form:

pu,0=101pco, +2.01pco — 0,327,
pu,=0,59pco, —0,41pco +0,1765,
P, =0,4775(pco, +Ppco) —0.0175.
Substituting these equations in eq.(g' "), we get
Pco = 8,066 — Peo,.

whence

Puo=15,886—pco,,
P, = 3,794,
By repeating calculations similar to those in second approximation, we get the

6,008p%,, + 201pco, —128,14=0,

S = 4,454 atm avs

pco=3612 atm abs
Prno=11,432 atm abs
. Py, = 1,323 atm abs
e 2T ' m_am atm abs

"th following approx;imfim. gives the values of the partial pressures:

M * - 7 atm abs
Po™"3.0m2 ) ” 0,087 atm

_, 0,02091 11,432 = (0,208 atm abs

po =V 0006689+ 1,323 = 0,004 atm abs

Po™= ¥ 0,003345-0,037 = 0,011 atm abs
Pro= 0.99334_ V 3,794-0,037=0,0.'_3§ atm abs |
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The remaining equations now take the form:
pco, +pco +puo +pu, + PN, =24,615,
2pn,0 + 2Py, + 0,302 —39,
Pco, t Pco
2pco, + Pco+ Puo +0.328 3,01,
Pco, + Pco
2PN + 0,035

co,'*'}’m
By repeating the solution of this system we get the quadratic equation

6,008p%,, +2.016pco, —128,13=0,

=0,245,

whence B .
pco, == 4,453 atm avs .

The pressures of the remaining gases in this case are

pco=3-6]8 am O‘S
pro= 11,432 atm ams
Pr,==21,323 atm abs
Pr,=3794 aim abs
By further iteration, we obtain figures that are the same as those already ob-

tained. Consequently our calculation has now been completed.
The composition of the combustion products, in this case, at a temperature of

2800° abs, will be as follows:
peo, =4453, Pco=3,613, puo=11,432 pn,=1328, pu,==3794.
po,=0037, pon=0,208, 7y=0094, Ppo=0011, Ppyo=00%.
The following Table is a summary of the results obtained:

e A A et A e H T LS g 1w =t e

First
Approxi-
rl;’gtim

Second
Approxi-
.mation

Third
Approxi-
mation

Fourth
Approod-
mation

4,616
3,521
11,739
1,280
3,844
0,000
0,000
0,000
0,000
0,000

4,439
3,624
11,417
1,380
3,791
0,042
0,217
0,092
0,012
- 0,038

4,454
3,612
11,432
1,323
3,794
0,037
0,207
0,004
0,011
0,035

4,453 -
3,613
11,432
1,323
3,794
0,037
0,208
0,694

0,035
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The molecular welight calculated from eo.(51) for the resultant composition of

the combustion products will be

-=-—[4453 .44 4+ (3,613 +3,794) 28 +11,432- 18+4+1,323-2+
+0037 -32+0,208- l7+0094 14+0,011-16+40,035-30] =24,71.

Equation (50) permits determining the energy content of this gas mixture at a
temperature of 2800° abs, for which we use the Table in Appendix II.
Computations yield

+l 323 77 25+0037 -21 54+0 208- 5865+0094 9342+
+0,011-71,68+40,035-42,53] = 1593 < 1686.

Consequently, the actual temperature of combustion must be higher than assumed.
Let us run a calculation similar to that given above for the temperature of

30000 abs, for which (Appendix II) the equilibrium constants have the following

values: _
K, =03417, Kp=004628, K;=004341, K, =002475,

K
Kp,=0,01441, Ky, =0,1213 and B =7,382
| )

Tn calculating by the usual method of successive approximation at this tempera-

ture, only 'the 11th or 12th approximation give satisfactory results. To accelerate

the solution we make use of the suggestion by Instructor V.Ye.Alemasovr, Candidate

jn Technical Sciences, that in first approximation we take the composition of the
combustion product obtained for the preceding lower temperature, in this case, for
the temperature of 2800° abs; thanks to this proced.ure, the sixth approximation
already yields satisfactory results, .

The Table given below, contains a s;zmxary of the calculation results.

The molecular weight of the gas mixture so obtained is
n,=—=24, 39,
and its energy content is

e.=1761 Kcal /x3>>1686.
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Consequently, the actual temperature of combustion is in the range from 2800

“to 3000° abs. To determine this temperature, the interpolation equation (55) is

Approximation

18t ond 3 4th 5h 6™

4,453 4,003 4,149 4,116 4,125 4,122
3,613 3,933 3,818 3,843 3,83 3,839
11,432 10,955 11,054 11,021 11,030 11,028
1,323 1,411 1,377 1,394 1,39 1,39
3,794 3,700 3,724 3,717 3,719 3,719
0,037 0,178 0,121 0,137 0,133 0,135
0,208 0,481 0,446 0,456 0,452 0,452
0,035 | 0,099 0,081 0,087 0,085 0,086
0,094 0,181 0,187 0,184 0,186 | 0,185
0,011 0,057 | 0,042 0,044 0,044 0,044

used. To determine the values of lf and N we have the following two equations:

M--2800 N=1593,
M--3000 N=1761;

and simultaneous solution of ilrese equations yields the values

N=0,84,
M=—T759.

Thus the interpolation ecuation takes the following form:

0,84 T.—759=¢

or
' 0,84 T.=1686--759=2445,

whence
T,=2911° abs
The composition of the ccrbustion products at this temperature is determined by
the interpolation meihod. 4ssuming a linear temperature dependence of the partial
pressures of the component gases, the composition of the combustion products at tem-

perature T, is determined from the ratios for each gas
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pi=pPn+ (Pa— Pn) o —Tn
where T;1 and T, are the temperatures for which the calculation is being made;
pj) and pjp are the partial pressures of the jth gas at these temperatures.

For this case, we have

Tl— Tg‘ - 2911 - 2&0. n0,555'
Ti;n—Tg 3000-;2800

whence, for carbon dioxide, we get

Peo, = 4,453 -+ 0,555 (4,122 — 4,453) =4,270 atm avs

and, for carbon monoxide,

Poo= 3,613+ 0,555 (3,839 —3,618) =3,738 atm as

A calculation so performed gives the following composition of the combustion
products for T, = 2911° abs:

Pco, =4,270 atm abs Ppo,=0092 atm abs
Pco=3,738 atmabs pon=0,343 atm abs
Puo=11,208aimabs py =0,145 atm avs
' pu, ==1,360 atmaps.  Po=0,029 aim abs
bn. =e3,752 atmabs Pro=0033 aim abs

The molecular weight of this mixture is found to be
.ﬂl=247530

and the gas constant:

p __ 848
=_——-= N 7.
Ri= oy =345

Thus the state of this gas mixture is determined by the following parameters:

pressure p,— 25 aim abs
-2911° abs

temperature

. -1,033- 104
specific gravity 1‘=%—2§—11—=2-566 Kg[m’.

b. s =0,92

62
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For purposes of comparison, we shall now calculate the combustion process,
allowing for the incomplete liberation of heat as a result of incomplete mixing;

for this we take E . = 0,92,

inc 'z

The equation of the energy balance (46) will have the form

e,=e,—(1—5) H,

e,= 1686 — (1—0,92) 1314=1581.
The calculation .oi‘ the ;:omposition of the combustion products remains as be-
fore. However, since the energy content for a temperature of T, = 2800° abs was

equal to 1593 kcal/kg, the temperature in this case must be somewhat lower than
2800° abs. In view of the small difference between the energy'contmts, we shall

use the interpolation equation for the calculation. This equation now takes the

form

—759+4-0,84 T,—1581

or
T,=2785"
Thus, owing to the incomplete combustion of the fuel, the combustion tempera-
ture is considerably lowered. The composition of the combustion products for this

temperature is determined in the same way as in the previous case, by the equation

2785 —
P ‘=‘Pu'+ “332—_‘% (Pia—Pun) =P —00075 (P —Pu)-

Consequently,
‘ Pco, = 4,455 simabs  po, = 0,037 atm ans
Pco==3,611 atmads  po, =0,208 atm abs

P1u,0=11,435 atmabs Py =0094 atmans
Py, = 1,322 atm abs Po= 0,011 atm avs
PN, =3,792 atmabs pyo=0,035 atmabs

and the molecular weight remains unchanged, as at 2800° abs,

pe=24,71.

°
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2. Calculation of the Efflux Process

For purposes of comparison, the calculation of the efflux process is calculated
under three different assumptions:

1. In the combustion chamber, the combustion process terminates so that
Zinc z = 1; the exhaust process is of the extreme nonequilibrium type, i,e., there
is no molecular recombination.

2. The exhaust process is in complete equilibrium; the combustion process in

the chamber terminates at E:i.nc z > g = 1,

inc a
3, ‘The combustion process in the chamber is not completed (E:an z " 0.92),
there is partial afterburning of the fuel in the nozzle (E'inc a 0.98); the process

in the nozzle is in complete equilibrium.

ae Einc z = 1i Exhaust Process of the Extreme Nonequilibrium Type

In this case, the state of the mixture at the exit of the combustion chamber,
i,e., before the beginning of efflux, is determined as above; it is determined by
the parameters '

T,=2911° abs , p,==25atmabs Y.,=2,566 Kg/m’. :

Since the chemical energy of the combustion products in the nozzle remains con-

i
3
'l
1
b4
3
$
3
H
i
]
¢
$
4
3
!
i
3
:

stant and there is no afterburning, it follows that, in the exhaust process, only

PUTWINN

conversion of part of the enthalpy of the gases into kinetic energy takes place; a

e o

e b

consequence of the adopted condition of energetic equilibrium is that the oscilla-
tory energy of the atoms likewise remains constant; cons:eqaently adiabatic flow
takes place in the nozzle. .

Owing to the fact that the oscillatory energy of the atoms remains constant,
the value of the heat capacity and, consequently, %hat of the adiabatic index, is

independent of the temperature and is determined only by the atomicity of the gases

and may be calculated on the basis of the molecular-kinetic theory of heat capacity

6L

S e Fp e e R e

e Y R G Sl
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(Chapter III, Section 5). Ve find:

C,= ;‘5- [4,96 (3738 + 1,360 + 3,752+ 0,02 40,343+ 0063) + -
+2,98 (0,145 4 0,029) + 6,714,270 + 6,80+ 11,208] = 6,07,
$C, = 6,95 (3738 -+ 1,360+ 3752 +0092 +0,343 + 0.063) +
+4,97 (0,145 4-0,029) + 8,714,270 + 8,79-11,208] == 8,062

or, more simply,
) pC, =607 +1,99=8,06,
whence
8,062
k= m =1,328.

The temperature at the end of expansion is determined from the fundamental

adiabatic equation, i.e.,
A—1

)T

T,=2911. ( ) =1314°.
Since the gas constant is known, the exhaust velocity may be determined; this

is equal to

w"=l/2 .9, 81‘-32—834 57 (2911 — 1314) ==2094 m|sec

The specific gravity of the gas, on emerging from the nozzle, will be
1,033-10¢ l(‘)ll .
=0,228 Kxg/m®.
Te =3¢ 571314 . 1228 Kgfm

b. Zjnc z = 1; Process of Effluz of the Complete Equilibrium Type

® Owing to the fact that the exhaust process takes place in this case at both

chemicael and energetic enuiliorium, the composition of the ccmbustion product varies,
since there is recombination of the molecules in the nozzle corresponding to the

tempersture decrease, At the same time, the heat capacity decreases, while the
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index of polytropy increases. The entire process takes place with a substantial
1iberation of heat and may be represented as polytropic, with a polytropic index
considerably lower than the adiabatic index.

The equation of energy (58) now takes the following form:

X, 4+, +A 2: = 1686

w?
“+A_‘i—=1686'

To calculate the composition of the ccmbustiorn product at the end of expansion,
the system of equations (65) to (69) is used. T};is is permissible in this case,
since the quantity of moratomic gases in the mixture will ve exceedingly small, and
the quantity of OH and O, will also be small.

The system of equations has the form:

PCO° PH,0 - Kp,

pCO,"H, KP:

Pco, + Pco + Pu.o+ Py, + PN, =1,

Pu,0 + Pui =1,

Pco, +Pco

WP lee o e

2pco, +Pco + Pu,0
Pco, t+Pco

=3,01, (4)

— PN 04725 (e)

Pco,t Pco
.The temperature at the end of expansion must be expected to be considerably
higher than in the first case since, as a result of the recombination of molecules,
a considerable quantity of heat is liberated.
Let the temperature at the end of expansion be T, = 1800° abs.

For this temperature, the Table of Appendix I gives the ratio of the equi~

1ibriwm constants as %— = 3,967,

- 2
The system of equations is solved in the following way:
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From eq.(c):
puo+Pu,= 1,6 (Pco, + pco)s
From eq.(e): '
° px, = 04725 (pco, + pco)-

" Substitution of these expressions into eqg.(b) gives the relations between Peo

b LT TN 4 g o

SRV T

and ;bcoz, which is
Pco=0,3255— pco,. .

e m T AR 23 R T

Consequently, the remaining relations will be

From eq.(d):
Pi,0=201 (pco, +Pco) —Pco, =2,01:0,3235 — pco, =0,6543 —pcos;

From eq.(c): -
pu, = 1,6 (Pco, +Pco) —PH,0=1,6 (Pco, +Pco) — 201 (Pco, +Pco) +
+ pco, = pco, — 041 (Pco, +Pco) =Pco, — 0,41 .0,3255 = pco, —0,1335;
From eq.(e):

px, =0,4725 (Pco, + Pco) =0,4725-0,3255=0,1538.

After substitution of these relations in eq. (a) , the latter takes the form:
0,3255 — 0,6543 —
( Pco,) ( Pco,) —3,967
pcO. (pco' — 0, 1335)

2965 p,, +0,4502 pco, — 0,213 =0,

whence
Pco, =0,2026.
Consequently, for T, = 1800° abs, the composition of the combustion product

will be as follows:

Pco, =0,2026 atm abs
Pco=0,1229 aimabs
Pr,0=04517 atm avs
pu, =0,0690 atm avs

PN, =0,1538 atm abs
Pa=1,000 atmavps

The molecular weight of this mixture will be

1e==0,2026 - 44-- (0,1229-+0,1538) 28+-0,4517 - 180,069 - 2==24,93
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and the gas constants will be

848
Ra=3, 53 = 3402

From Appendix II we determine the energy content of the mixture for the iemperature

of the calculations:

™ [02026 19,01 +0,1229.79,47 40,4517 - 14,93 +-0,059-68 83 +
+0 1538-11,71]=1079 xea [xg.

To calculate the kinetic energy of the gases we determine the index of poly-

tropy from eq.(6h):

1g 25

n= =1,1804.

1
lg252911

The kinetic energy in the mixture in this case is equal to

s~1
2

Wy n R: 4+ Ra (1)"
Ze BRI ) b U etk =
2 An—l 2 * 25

0,1804
_ 1,1804(34,57 4- 34,02) 2911 [1 _(_1_)"““] = 594 Kl [Kg
427.0,1804:2 25 '

Thus, for the temperature T, = 1800° abs, the tota.l. energy content (chemical

energy + calorific energy + kinetic energy) will be
2

= 1673 < 1686.

Thus, the actual temperature at the end of expansion must be somewhat higher

than 1800° abs.

Calculations made for a temperature of 1900° abs give the following composition
of the combustion products:
Ppco, =0,1994 atm abs
Pco =0,1261 aimabs
Pu,o=0,4548 atm abs
pr,=0,0659 atm abs

pn,=0,1538 atm abs
Po==10000 atm abs

é8
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The molecular weight remains unchanged at
!,Lc=24,93.

4

The ene‘rgy content calculated from Appendix IT is
o es=1125 Kcal /Kq
The index. of polytropy is
n—1,1574

and the kinetic energy is

4 Y
A3;—617 K<l [Kg

Thus the total energy content of the mixture at T, = 1900° abs is
v
2g

eet A—2=11254-617=1742 Kcal [kg

Interpoflation‘ gives the actual temperature at the end of the nozzle:
' T.=1820°,
The ccmposition of the combustion product is found to be as follows:
PC0,=012020 atm abs
Pco=0,1235 atm abs
pu,0=0,4511 atm abs
P, = 0,0696 atm abs
pn, =0,1538 atm abs
The gas constant will then be
R.—=34,02.
The index of polytropy is
n=1,171.

Consequently, the exhaust velocity is equal to

' 1,171 34,02 + 34,57
- . el e (2911 — 1820) =2260 m [sec
@a 1/2 981 2 ( ) /

The specific weight of the mixture, at emergence from the nozzle, is

1,033.10¢ =0,167 Kg/m'-

T = "34.02.1820
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Ce Ene z = 0492, 300 2 ™ 0.98; Process in Complete Equilibrium

In this case the initial state of the combustion products is defined b; the

temperature 2785° abs and the gas constant is

848
R' = r’?l‘ = 34,32.

B i Wt GO T T LA ] G2 o {

The equation of energy balance (58) has the form:

2

e.+A :g — 1686 — (1—0,98) 1314 = 1660.

The calculation of the composition of the combustion product is the same as

the calculation given in the preceding case.

For a temperature of 1800° abs, the energy content was ey = 1079 kcal/kg. The
kinetic energy will have a different value, since the index of polytropy must be

recalculated:

ne— 85 1157

1800
1825 785

and the kinetic energy in this case is known to be

0,157
4 %e _ 1,157 (34,324 34,57) 2785 [1 _(0’04)1.157] 568 Kcar [Kg
2% 0,157.427-2

The total energy content of the mixture is

v

—2- = 1079 + 586 =1665 xcal /g
4 .

e, +A

A calculation made for T, = 1900° =zbs gives the following results:

n=1,135,
w?

A —2—;—=C80 Kcal /’Kg

IR0 7 e i gt b

and a total energy content:

e, +A

2
2“ = 1125+ 680=1805 xca! jKqg
£
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By means of the interpolation equation we find that the actual temperature at
the end of the discharge will be:

Te=—1796° abs

Since the temperature at the end of efflux differs very slightly from 1800° abs,

it may be taken, in first approximation, that thé composition of the combustion

products will in this case’'be

Pco, =0,1994 atmabs
Pco=0,1261 atmabs
pu,0=0,4548 atmaps
P, ==0,0659 aim avs
PN, =0,1538 atm abs

The index of polytropy is slightly changed, and is

n=1,1577
while the exhaust velocity will be

We=2229 m /sec

For purposes of comparison, the Table gives the results of the calculation

°

under all three assumptions.

Nonequilibrium
§per=1

Equilibrium
foz=1

Equilibrium
£.x=092, §,5=098

T, abs
Tz Xg/m®
2
Ry
T; abs
Ya Kg/m3
ta
Re

Wa m [sec

Example 6.,

2911
2,566
24,53
34,57
1314
0,228
24,53
34,57
2094

2911
2,566
24,53
34,57
1820
0,167
24,93
34,02
2260

2785
2,701
24,71
34,32
1796
0,169
24,94
34,01
2229

Calculate the processes in the combustion chamber and the nozzle of

a liquid-propellant rocket engine for the following propellant: ethyl alcohol of
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concentration 93.5% (02H60 + 0.178 HQO) and liquid oxygen, at a coefficient of ex-
cess oxidizer of u = 0,82; a pressure in the combustion chamber p, = 35 atm abs,

o
and a pressure on the cross section of the nozzle p, = 1 atm abs.

a. Calculation of the Combustion Processes

The calculation is run at 55,0 , = &ine a = Lo
For the fuel components we have the following characterizing data:
Ethyl alcohol, 93.5%:
chemical formula C2H60 * 0,178 H20,
specific gravity at 25° abs, v, = 0.8028 kg/ltr,
heat value Hye = 294,300 keal/mole,
weight of 1 mole p} = 49.2 kg/mole.
Iiquid oxygen:
specific gravity v, = 1.1, kg/ltr,

heat value Hpo = 0,
heat of vaporization and heating to 25° abs, 3030 kcal/mole
We obtain the following characteristics for the fuel under the specified
conditions,
Stoichiometric coefficients of the component ratio:

b =2-2+0,5-6—1

o 5 =3 mole [mole

Molecular ratio of the components at a« = 0,82:
‘ak,=0,82 - 3=2,46 mole / mole

Veight ratio:

ak;=2,46 32 - 221,60 1y,

a1 | N Y R R | =T
I 1

Volume ratio:

ak;=16-2 8‘1’28 1,127t/ ttr
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Composition of fuel by weight:

Composition of fuel by volume:
rc E ___1—.
141,127

R 5 2 A
° 141,127 0.53.

=0,47,

Specific gravity of fuel:

v e =0,981 Kgq/1t
‘" 0,385 = 0,615 0.981 #g/ltr

0,8028 1,14
Molecular heat content of fuel:

H,=0,82 (294 300—3 - 3030) =232 870 Kcal /mote
Heat value by weight:

70
H 2338

—— 23870 _ 1830 xcar [Kg
B 49,242,46-32

Heat value by volume:
H,=1830-0,981=1795 xcat [litr
Molecular chemical energy:
X=294 300—3 - 0,82 - 3030=286 850 xcai /mole

Chemical energy by weight:

- 286850 -
s 49,2 4 2,46.32

=2240 Keal [Kg

The equation of energy for the exit of the combustion chamber takes the form:
er=e.=x,4i,=2240+i,.

In this case, the initial enthalpy is

5 203 T et ot A e

0,71.25 1610-—30
[, m= ~ 32 e —52 Keal I3
2,6 3
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The computational equation for the combustion process will have the form:

es=Xs+1,=2240—52=2188 Kcal /Kg
The system of computational equations consists of eight such equations, owing

to the absence of nitrogen from the fuel. They are as follows:

AL ) b T

0,5
Pco-Po
‘—_"—=Kp,, (&)
Pco,
0,5
AT =K, (b)
Py

(c)
(d)

(e)

pco, +pco +Puo+Pu, +Pou+ Po, +Put+Po=35 (1)
2(py.0+ Pu,) + Pou + Py _ 6+42.0,178 _3178
Pco,+Pco 2 B (2)
2 140,178 4+ 2,46.2
(Pco, + Po,) + Pco + Pu,o+ Pontro _ + + —~3.229. (n)

Pco,t Pco 2

In the propellant which is being calculated in this example, oxygen is the oxi-~
dizer, so that its combustion temperature must be very high, above 3000° abs. The

calculation of the combustion products at such high temperatures by the method of

successive approximaticn requires an excessive amount of time; owing to the slow
approximation of the resulis, the calculation of the system of equations must be re-
peated 20 ~ 25 times or =ors; the method of preliminary selection of the partial
pressure of oxygen leads =uich more rapidly to the results, especially if ;re use the
method proposed by Instructor V.Ye.Alemasov to solve the system of equations.
Let it be assumed that the oxygen pressure in the mixture is taken as péz = a2,
Then all the remaining pressures in the equations of chemical equilibrium may

be expressed in terms of the pressures PC02 and szo, as follows:
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K
From eq.(a), Pco =% Pco,

K
From eg.(b), PH, =—f‘ PH,0,

From eq. (c) ’ Pox =Kp, 2. VE*:OO

From eq.(d),
From eq.(e),

Introducing the following notation, for simplicity:

Ko _c,
a

K

—P—p,
a

K
K _9_=_—g_1=:lz'
Ps K, Ve

Ko -
KPA 1/ —;1=KP. Ve:.:m‘
aVKp, =b,

the following relations may be written:

pco,+Pco=(1+C) pco,,
pu,o+pu, = (1 +€) pu,on

Pou+pPu=(h+m) V;*L—O-

Thus eq.(g) takes the form:

2(1+€) pro+ (h+m) Vpuo =A(1+C) peo,.
Equation (h), after transformations, will have the form:
pH,0+hV;H_,O + 2p0, + po=[(B—1) (1 + C) — 1] pco,.
On dividing eq.(g) by eq.(h), we get

2(1+8)PH,0+(’1+’")VP—5,—0= AQ+OQ —
Pﬂ,o'*‘hVP—H:E)'*'?Po,'{"PO B-Ha+0)~—1

A(14+0)
B +0—1

%
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After transformations, this equation takes the form:

SV puo) —nV puo—dr=0,

f=2(1+-¢e)—d,
=h (d-—l)'—m.

r=2a*+4-b.
The equation has only a single positive root:
n+ WL
2f
After finding the value of PH,0» all the remaining quantities are determined

where

Vpﬂ,o ol

by the relations given above; the sum of all the pressures, according to eq.(f),
must equal the pressure in the combustion chamber p,. In selecting the partial
pressure of oxygen, a rough guide can be the fact that it is proportional to the
sum found for the pressures, Pye The calculation is more conveniently performed by

tabulating the results of the computations.
We give below the calculation for a temperature of 3300° z;bs; for this tempera-~
ture, we fird from Appendix I the équilibrium constants given in the Table below,
K;y=0,9179, K,»=0,1173, 'Kpa=0,l4l, K,{=O,1324, K,5=0,09253.
As shown in the Table, at PO, = 0.95 atm abs, the pressure of the mixture Lp;
is 26,694 atm abs; at PO, = 1.21 atm abs, Ip; = 40.094 atm abs. Thus, PO, is be-
tween 0.95 atm abs and 1.21 atm abs., The calculation rapidly yields the result.

Thus the composition of the combustion products for a temperature of 3300° abs

was found to be as follows:

Pco,=6,707 atm abs
pco = 5,821 atm abs
PH,0=16,916 atm abs
‘PH, = 1,871 atm aws
Pon=1,744 aim abs
po,=1,121 atm abs
Pr=0,498 atm abs
Po=0,322 atm abs

E Pp:=235,000 atm abs
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Table of Computations for 3300° abs

Equilibrium Constants: Kp, = 0.9179, Kp, = 0,1173, Kpy = 0.1410,
Kp,, = 0.1324, Kpg = 0.09259

Po,=a* 0,95 1,21 1,11 1,122

a 0,975 1,054 1,059
po=b=a )/i(—; 0,296 0,322
KPI

—;—:-c . 0,942 , 0,868

14+C 1,942
A(140) 6,172
(B—-1)(14-C)—1 3,329
A(1+0) _ 1,854
(B—1) (14+C)—1

K
—Br e 0,120
a

1+e 1,120
2 (14+¢) 2,240
2 (14-e)—d=f 0,386
Ve 0,346
K
B o—h 0,408

Ve
h(d—1) 0,348
YK, Ve=m 0,126

h (d—1)—m=n 0,222
n? 0,049
b—{-?a'-’:r 2.196
4fdr 6,286

v ne4fdr 2,517
nty ni 4 4fdr=$ 2,739

S
S Vo 3,548

4
Pu0 12,586
2Pu0 25,172
Pu,=ePu,0 1,510
2py, 3,020
1,448

Pou=hV Py o
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(Cont*d)

o
2

Po,=4

pi=mv puo
2Py,0+2Py, +PoH+FH=?
t
A(+c) Feo
Pco=Cpco,
Iy

The molecular weight of the combustion products of such a mixture will be
us=23,53.
Their energy content is equal to (Appendix II)
tr==1-}-x.=2090 Kcal /Kg

Since the energy content of the gases is found to be smaller than the energy
content of the fuel, a similar calculation is run for a higher temperature, namely
for 3.00° abs. The result of this calculation yields the following composition of
the combustion products:

Pco,= 5,998 atm avs

Pco=16,271 atm avs
PH,O = 15,972 atm abs

PH, =2,108 atm abs
Por==2,132 atm avs
Po,=1,375 atmabs
Py =0,676 atm aps
Po=0,468 atm abs

Y p,=35000 atm abs

The molecular weight for this case is found to be

ur=23,42,
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and the energy content,

e,/=2259 Kxcal ./ kg

Consequently, the actual combustion temperature is in the range of 3300 to

3L,00° abs; it is determined from the interpolation equation and is equal to

T,.—_—3358° abs
The composition of the combustion products at this temperature is determined by

interpolation and is found to be as follows:

Pco,=6,293 atm abs
Pco ==6,081 atm aps
pH,o=< 16,358 atm abs
pu,=2,023 aim abs
Pou=1,969 atm abs
po, =1.268 atm avs .
Py =0,601 atm ans
Po=0,407 atm abs

Y p;==35,000 atm abs

The actual molecular weight is

p.s=23,63 and ¢;==2188 Kcal /Kg.

b. Calculation of the Process of Efflux

The computational equation of the energy balance has the form:

u?
i,+x,+A->=2188
2g

u?
gt Ags =2188.

Owing %o the lower exhaust temperatures, the calculation may be performed by

the method of successive approximation, which in this case rapidly leads to the

result.
The system of equations is reduced to the form:

® 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060002-3
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0,5
Pc 'Po'!
2 = KP:'
Pco,
0,5
________PH,‘PO, - Kp ?
2
Puo
0.5
Pou-PH
OH L Kp,.
Pu,0

2
Py K,
PH,

Po
== K’.,
Po,
Pco,+Pco + puo+ pu,+Pou+Po, +PutPo=1,
2 +Pu) + Pon +
(Pu0 PH) + Pon PH 3178,
Pco, + Pco
2 + Po.) + Pco + Pu,o + Pou +
(Pco,+ Po) +Pco+Pro+Pont Po _ q99g
Pco, + Pco
A calculation similar to that given in the preceding example rapidly leads to

the results.

The temperature of the exhaust gases is found to be T, = 2164,° abs, and the

corposition of the combustion products in this case is
Pco,==0,265 atmabs  poy = 0,014 atm abs
Pco=01154tmabs  po,= 0,006 atmabs

Pr,o=0,556atmabs  pyy=0004 atm abs
Pu,=0,039 atmavs  po =0,001 atm abs

Their molecular weight is found to be
pa==25,39.

Thus the gas constant at the beginning of efflux was R, = 3L .6l and, on emer—

gerice from the nozzle,

848
Ro= 5 =334

To determine the exﬁaust velocity, the following mean value may be taken for
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the gas constant:

R=-2441B4 3402
The value of the index of polytropy under these conditions is found to be

n=—'lg—3_5——'1’°95-
2o 2
3358

Consequently, the exhaust velocity will be

w‘,:l/ 2.9,81 lﬂ5-34 ,02(3358 — 2464) —2623 m /sec.

The parameters characterizing the combustion products are as follows:
Before Efflux After Efflux
Pressure 35 atm abs 1 atm abs
Temperature 3358° abs 24,610 abs
Specific gravity  3.108 kg/w’ 0.1265 kg/m3
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CHAPTER V
TECHNIQUE OF CONSTRUCTING DIAGRAMS FOR CALCULATING THE PROCESSES

OF COMBUSTION AND DISCHARGE OF THE COMBUSTION PRODUCTS

1, General Methods of Constructing the Diagrams

Regardless of the methods used for caleulating the processes of combustion and
discharge of the combustion products at the high combustion temperatures developed
in liquid-propellant rocket engines as a result of the use of liquid oxidizers, the
greatest difficulties arise in determining the composition of the combustion
products. A large amount of time and labor is spent on this calculation. Yet it
is necessary to know the composition of the combustion products in order to calcu-
late their molecular weight, enthalpy, and unutilized chemical energy at specified
temperatures. The question arises whether it is possible to conduct the calcula-
tion of the combustion and discharge processes from diagrams constructed in advance.

A considerable number of enthalpy diagrams ham"e been proposed, pemittiné the
caleulation without determining the composition of the combustion produc;ts. But the
problem is solved on these diagrams only for adiabatic discharge. To obtain results
closer to reality, a number of coefficients entirely without physical meaning have
been introduced.

Such coefficients, which bring the results of calculation closer to reality,
give no clear picture of the processes that ‘bak'e place and offer no information on
the physical nature of the phenomena; therefore, they must be regarded as a temporary

auxiliary aid for the calculation. It is necessary to take account of the fact that
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the éischarge processes differ greatly froz adiabatic flow., This is due to the par-
tial afterburning of the fuel and the partial recombination of the molecules taking
place during passage of the gases through the nozzle. In reality, the discharge
process is a process involving the supply of considerable additional quantities of
heat, i.e., a polytropic process with an ‘index of polytropy nearer to unit‘y than to
the adiabatic index k.

The caleculation method given in Chapuer IIT makes it possible to construct com-
putation diagrams based on principles totally different from the usual IS-diagrams.
We shall now give a description of the method of constructing such diagrams, based

on the above method of calculation.

2. Computational Diagrams for Zine < 1 and ipe oL

The calculation begins with the determination of the chemical energy introduced

by the propellant into the combustion chembder, and the heat value of this propellant.

To determine the chemical energy of the propellant we use eq.(33):

H?‘c'*‘ akOH‘;c
X, = — Kcal /Kg,

(4 '
FC + “ko!-‘o

where x, is the chemical energy of 1 kg of fuel at the specified concentrations of
the components and at the assumed coefficient of excess oxidizer @, To determine

the heat value of the propellant, eq.(31) is used:

.~

(H, +kH, )e
——te P geal Ky
P PC + “kol*o

The quantity of heat introduced into ihe combustion chamber by 1 kg of fuel,

i.e., the initial enthalpy of the fuel, will be

= (e Cp + hattoCo) fe

; Kcal [Kg
¢ P'c + “koPo

where t¢ is the temperature of the liquid cocmponents on their introduction into the
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combustion chamber, c:, and c(', are the heat capacities of the liquid components at

the specified concentration,
Denoting the enthalpy of the combustion products at the combustion temperature,
and the chemical energy remaining unutilized at the exit of the combustion chamber,

by i, and x, respectively, eq. (16) may be written as follows:

it+xz=xc+ic_(l —'E'nu) HP

e,==¢.—(1 —§ne) Hp'

In this equation, ic, Xc, and Hp are known, while the coefficient of heat
liberation in the combustion chamber, %inc z Must be taken on the basis of experi-
mental data.

The right side of the equation may be calculated and represented on a diagram

in which the values of Ejnc 5 are plottsd on the abscissa and the values of xg +

+ i, - (1~ Einc z) Hp, calculated for various values of @ and various concentra-
tions of the components, are plotted on the ordinate, Rough calculations show that
this part of the diagram (I) will consist of a family of inclined straight lines
whose slope is flatter the lower the concentration of the components, i.e., the
more water there is in the fuel. Thus this part of the diagram will be roughly of
the shape shovn in Fig.3. In this diagram, the concentrations 07 are greater than

the concentrations oy and the values of ap are greater than the values of aj.

Thus this part of the diagram completely covers all combinations for one and

the same fuel at any concentrations of the components and for any values of the co-
efficient of excess oxidizer a.

The construction of the part II of the diagram, i.e., of the value of e; =
= 1, + Xz, is the most time~consuming and difficult, since for constructing these
curves the compasition of the combustion products at the exit of the combustion
chamber must be determined at various assumed combustion temperatures; also, the

excessive dissociation must be taken into account in the calculation.
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In the general case, only the gases present in the gas mixture in more or less
high concentrations are usually taken into account in the combustion products, i.e.,
COp, €O, Hy0, Hy, N, Oy, NO, OH, O and H, the composition of the combustion
products being determined in terms of partial pressures for convenience of calcula-
tion. The calculation system of equations is

¢ Keal . .
kg ‘given in Chapter III, which also contains a-de-

}.% tailed exposition of the solution of this sys~

tem,

After determining the composition of the

combustion products for a definite temperature

at a definite excess oxidizer coefficient, we

calculate their molecular weight on the basis

of eq.(50), and then, from eqgs.(48) and (49),

we determine their enthalpy and the chemical

energy remaining unutilized. The values ob-
Fig.3 - Diagram of x; + i, -
tained for this sum are plotted on the dia-
- (1 - &inc z) Hp to &ipnc 5 85 2 . .. .
gram II, where the values of the combustion
Function of a and o
temperature are plotted on the abscissa, while
the ordinate coincides with the ordinate of the diagram I, i.e., the kcal/kg values
are plotted on it. Rough calculations have shown that even at considerable varia-
tions in the concentrations of the components, the values of iz + x, for definite
values of a and for a specified temperature differ so slightly (in a range of
2 - 3 keal/kg) that this variation may be freely neglected, The values of the
molecular weight of the combustion product are also plotted on this same part of the
diagram. This second part of the diagram is showm in Fig.k in combination with dia-

grart I. The curves for tne values of i, * x, rise considerably with increasing tem-

perature, and their level is lower the greater the coefficient of excess oxidizer,

since with an increasing value of a the combustion becomes more complete and since,

. . . “a . -~
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for this reason, at a constant vaiue of i, + X,, the temperature continually rises.
The curves characterizing the molecular weight of the combustion products decline
with increasing temperature, since at higher temperatures the gases are more strong-
ly dissociated, causing the appearance of lighter diatomic and even monatomic gases
in the gas mixture,

When these two parts of the diagram are combined, it becomes possible to cal-

Acal

ky

y ]

£r'm:

Fig.L - Nomogram for the Technique of Constructing the Diagrams

i~

culate the combustion process, i.e., to determine the combustion temperature, and,
as will be shown below, the molecular weight of the combustion products.

Let a propellant be burned in the combustion chamber at a coefficient of excess
oxidizer aj. Let the concentration of oxidizer in this propellant be 9; the ex-
periu.xental data determine the coefficient of heat liberation for this case to be
Einec z+ On diagram I (Fig.:) we find the point a, characterizing the combustion
conditions of the propellant and, consequently, also the value of the quantity x, +
* i - (1 - Eine 5) Hp. Since the value of i, + x, is equal to the value of X, *
+ig = (1 - E4nc 2) Hp, then,after transferring the point a to diagram II, we find
the point b at the intersection with the curve, corresponding to the specified value

- of the coefficient of excess oxidizer a1; by projecting the point b onto the ab-
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-

scissa, we find the corresponding combustion temperature. If the concentration has
varied and has now become 0y, then we find the point a'! on the right part of the
diagram and, by analogy, the point b' and the temperature T; on the left part of the
diagram. If, at the former concentration, the coefficient of excess oxidizer has
increased to the value az,then the corresponding construction will give' the point aM
on the right side of the diagram, and on the left side the point ®" and the combus-
tion temperature Tg. For calculating the combustion chamber, we rust also know the
parameters of the combustion products; for this purpose, we vlot on dizgram II the
curves of the molecular weight of the gases under various combusiticn conditions.

The part of the computational diagram given in Fig.k perrits determining the
state of the combustion products before iheir enirance to the nozzle, i.e,, before
the beginning of discharge.

The celculation of the process of efflux is based on eq.(58):

v, . .
ia+xa+A ?g—=-:‘cc+lc_(l—"$nga) dp

w2 bt
et A ——=c.—(1—%.4) A,
74

This equation takes account of the partial afterburning of the propellant in
the nozzle, since the value of the coefficient of heat liberation in the cross sec-
tion of the nozzle, Einc 5, is taken as a greater value than at the exit of the com-
tustion chamber éinc ze T'he value of the right side of the equation is determined
from diagram I for a knovn value of &in. e

To construct the diagrem III, permitting us tc: calculate the eitflux, we must
know the value of the left side of the eguation. The values of iy and x, are aeh

termined for various temperatures by the equations:

1
X, = 2: X,
a " Piat;

R zpl
a baPa : Viatia
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or, using Appendix II, by the formula

1
eg=— E;PuEu-
taPa

The value of A 2: is determined in a somewhat more complicated vay, by the

aid of eq.(63), as follows:

A

where, according to eq.(6L),

2

W
Thus the value of A 22’ is determined both for the final temperature T, and
for the initial temperature Tz

/1 To determine the values of i, and Xy Or

T
/‘)"t
ﬁ a state of complete equilibrium, we must know

“he values of eg = i, + x, with the efflux in

|
2
T

==
%

]

Wi
29

’
»
T T the composition of the combustion products,
2z
ra which may be calculated from the above system

of equations. However, due to the consider—

Tgtlg+hA

able temperature drop on expansion in the

nozzle, the combustion products, on emergence,

will have a considerably simpler gas composi-

tion: they will contain only CO,, CO, EC,
£1gs5 — For the Technique of :
° Hy, and Ny. Thus the system of equations is
Calcuizting the Effiux of the
simplified, and only five equations remain.
Combustion Products .
The chemical equilibrium will be characierized

only by the water-gas reaction which takes place without change in the number of

molecules:
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CO,+H 2 CO+H,0.

The equation of chemical equilibrium for this case is found by dividing eq.(36)

by eq.(37):
PcoPro _ Ky,

P co,’ P H, KP: '

Consequently, the system of eqﬁations reduces to the form of the system of
eqs.(65) - (69).

We can then construct on the diagram III,'the values of g4 + A 2

for any
temperatures. Rough calculation show that a family of straight lines is obtained on

diagram III, Figure 5 shows the general form of this diagram.

m

On this diagram, we have oy > @, > ay and T; > T: > T, . After combining dia-

grams I and III, we get that part of the diagram which permits determination of the
final stage of the combustion products with extreme equilibrium efflux,

This part of the diagrem is shown in Fig.6.

If the point a, on the left part of the diagram, determines the state of the
gases before they enter the nozzle, and if, in finding this point, the additional
quantity of heat liberated during efflux as a result of afterburning of the pro-
pellant was taken into consideration, then, projecting it on the right side of the
diagram to the intersection with the straight line characterized by the specified

value of a and of the temperature T,, found earlier on diagram IT, we find the

point b; by then projecting this point on the abscissa, we determine the temperature
of the gases at emergence from the nozzle under extreme equilibrium condiiions of
discharge.

To determine the exhaus:t velocity under the conditions found, diagram IV is
placed under diagram III, On diagram IV are plotted the curves determining the ex-
haust velocity for various values of Tz and T,. The exhaust velocity derends on the
initial and final temperatures of efflux and also on the coefficient of excess oxi-

dizer, and for this reason a very large number of curves would be obtained on dia~
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gram IV, thus making calculations from it exceedingly difficult. To eliminate this,
curves of adjacent values are combined, so as to considerably reduce the numver of

curves, making calculation entirely possible with an error of not more than 8 m/sec

Kcal
kq

&ine Ta

Fig.6 - Determinatin of the Final State of the Combustion Products

in determining the velocity; a Table indicating the number of the curve that must be
used in one case or the other‘is, in this case, annexed to this part of the diagram.

Diagrams I - IV make it possible to calculate the extreme equilibrium efflux.
The rest of the calculation is performed by the usual formulas.,

The calculation procedure from the diagrem (Fig.7) is as follows: The quanti-
ties specified are: the coefficient of excess oxidiger a, the concentration of the
oxidizer o, the assumed coefficient of heat liberation in the combustion chamber
Einc zs and the coefficient of heat liberation at the end of the nozzle Einc g+ From
these data, in the central part of diagram I, we find point 1 corresponding
to 5,0 42 and from it, on the curve of Xo +ig - (1- E5ne z) Hup we find the
point 2 for given valies of a and o; the point 2 is projected on the left part of
diagram II, to the intersection with the curve of i, + X, for the assigned a at
point 3. Transferring point 3 to the abscissa, we find the combustion tempera~

ture T, under the specified combustion conditions (point 4), and from the curves
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for p we determine _the molecular weight of the combustion products; this weight is
defined by point 5. To calculate the process of efflux, we turn to diagram I and
find on the abscissa the point 7 corresponding to tiae specified value of E;.nc a’
from this point we must find on the curve » for given values of a and o, the new
point 8, characterizing the state of the combusiion products at the end of the
nozzle, i.e., at the coefficient of heat liberation Einc g Foint 8 is projected 'on

the right part of diagram III, and at the intersection with the curve for the as-

Trtte -(’:&'-u)ﬁu g
()

6

M
/'ﬂ_;—r—‘
/—h‘z‘f’;:

Fig.7 - Superimposed Diagram for Celculating the Processes of

Corbustion and Efflux in a Liquid~Propellant Rocket Engine

signed a and the value found for T,, we find the point 9; the point 9 is transferred
to the abscissa axis, and the temperature of the gases on exit from the nozzle, Tg,
is found &t the point 10, Continuing the projection further on diagram IV to inter-
section with the velocity curve constructed for a specified value of o and the ob-

tained temperature T,, we find the point 11, determining the exhaust velocity of the
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gases under extreme equilibrium efflux,
In the case of a lowered concentration of both components, the entire water
content may be attributed to the oxidizer for the construction of the diagram, which

involves no changes in the calculation. Let the propellant be
CleopmcHlo + akoH!NloqumoHto'

“he total quantity of water contained in this propellant is (mc + akomo) moles.,
Aatiriduting all this quantity of water o the oxidizer, for calculation by the dia-

graer we take the propellant as

C,Hn0, + 2kHN,0,C, ( m,+ :T) H,O.

In calculating and constructing a diagram by this method, we use the constant
pressure p, at the entrance to the nozzle and the constant pressure P, at the exit
from it; thus the diagrams III and IV are calculated for a definite pressure drop.
Sougr. calculations show that, owing to the small influence of the pressure on the
degree of dissociation, even a substantial change in pressure will have almost no
effect on the composition of the combustion products; therefore, the diagram may be
used for other pressure drops as well, determining the actual values by interpola~
tion. We may also utilize one and the same pressure drop for calculations at other
pressures,‘ but with the same pressure drop, i.e., if a pressure of 32 atm abs in the
corbustion chamber is noted, and a pressure of 0.8 atm abs is noted at the exit,
then diagrams III and IV may be used for calculation at the initial pressure of
L0 aim abs and at the pressure of 1 atm abs at the exit.

The influence of the pressure drop on the velocity is considerable, and a cal-

culation mist always be performed at a specified pressure drop.

3. Diacrem of the Provellant Xerosene + Nitric Acid

(Avvendix V)

The diagram for the propellant kerosene + nitric acid is constructed from the

92
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following principal data:
. * The heat yalue of kerosene is taken as 10,275 kcal/kg; nitric acid of 96% con~
centration is taken as the principal oxidizer, and additional calculations are given
for nitric acid of 92 and 1007 concentrations. The coefficient of excess oxidigzer
is taken from a = 0,7 to @ = 0.9, On diagram I, the straight lines are plotted
giving the velues of [x¢ + iy - (1 - &5, ,) Hp] in the range of values of the co-
efficient of heat liberation from £;,. , = 0.7 to Eine z = Lo

The diagram is constructed under the assumption that, on exit from the nozzle,
the gas pressure is P, = 1 atm abs; for %he pressure in the combustion chamber three
versions have been taken: p, = 25 atm abs, Py = 50 atm abs and p, = 100 atm abs;

owing to this fact, the curves for all three pressures have been plotied on dia-

gram II, since the pressure in the combustion chamber in this case has a perceptible
effect on the degree of dissociation and, consequently, also on the molecular weight
of the combustion products and on their energy content e, = iz * X,

Diagram III is given in three versions, just as diagram IV is given for all
three processes taken for the calculation.

On diagram III are plotted families of straight lines characterizing the state
of the combustion products at the exit from the nozzle, for various combustion tem-
peratures and for various values of the coefficient of excess oxidizer.

On diagram IV are plotted only the curves of the exhaust velocity, and, as
stated above, the originally very large number of curves has been'reduced to 22 - 23

y combining the curves for which the exhaust velocity differs by no more than
7 - 8 m/sec; Tables are annexed to this diagram indicating, for given efflux condi-
tions (a and T,), the number of the curve that must be used.

Wle shall now give examples of calculating the processes in a licuid-propellant
rocket engine from this diagram.

- Example 7., Calculate the combustion processes and the processes of efflux of

the combustion products for the following propellant: kerosene + 94% nitric acid
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at a coefficient of excess oxidizer o = 0.8; the coefficient of heat liberation in
the combustion chamber is %jne z = 0.92, and at the exit from the nozzie it is
€inc a = 0.98; the pressure in the combustion chamber is 25 atm abs, and at the
exit from the nozzle it is 1 atm abs.

We find on the abscissa of diagram I the point o, corresponding to the value
Eine z = 0.92, and project it, in the vertical, to intersection with the straight
line for « = 0,8 and 0, = 96%; at this intersection we find the point a; this point
we transfer, parallel to the abscissas, to the intersection on diagram II with the
curve for a = 0,8 and p, = 25 kg/cm?; at this intersection we find the point b, and
by projecting this point onto the abscissa we determine the combustion tempera-
ture T, = 2800° abs; the point of intersection of the ordinate of the point b with
the curve of molecular weight for a = 0.8 and p, = 25 atm abs is projected on the
ordinate to find the molecular weight p, = 24.56.

To obtain the data necessary for calculating the process of efflux, .let us now
return to diagram I, and on the abscissa let us find the new point ¢ corresponding

to the coefficient of heat liberation at the exit from the nozzle E.:

inc a = 0.98,

and, projecting it upward along the vertical to the intersection with the straight
line a = 0.8, o4 = 96%, we find the point e; by transferring this point to the dia-
gram III to the intersection with the straight line corresponding to temperature

T, = 2800° abs and « = 0.8, we get the point k characterizing the state of the com-
bustion product at the end of efflux; projecting this point on the abscissa, we find

the temperature of the combustion product at the exit from the nozzle in the extreme

equilibrium efflux to be T, = 1825° abs (according to the calculation given in
example 5, this temperature is 1796° abs); projecting this same point downward on
diagram IV to intersection with the curve 12, corresponding (according to the an-

nexed diagram) toa = 0.8.and T, = 2800° abs, we find the rate of efflux for the

extreme equilibrium efflux to be equal to w, = 2225 m/sec (from the calculation in

example 5 this velocity was 2229 m/sec).

e .
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Example 8. Calculate the combustion processes and the processes of efflux of
the combustion products for the following propellant: kerosene + 96% nitric é.cid;
the coefficient of excess oxidizer is taken as a = 0.85; the coefficient of heat
liberation in the combustion chamber as Eine z = 0.9, and the same coefficient at
the exit from the nozzle as £5,; 4 = 0.97. The pressure in the combustion chamber
is 40 atm abs, and in the cross section of the nozzle it is 1 atm abs.

Oving to the fact that the diagran; has no pressure drop equal to the assigned
pressure drop, we shall perform the calculation roughly, assuming 1_1'.ne§,r relations
between the quantities, which yields an accuracy sufficient, in practice, for small
pressure changes.

Let us use the diagram for two parallel calculations: for the pressure in the
combustion chamber P, = 25 atm abs and 50 atm abs. We find the following values
from the diagram:

Pz aimabs 25 50
T, abs 2800 2835
. 25,24 25,49
T, abs 1768 1570
w, 2170 2335

By interpolation we find, for 40 atm abs: T, = 2820° abs, M, = 25,27, T, =
= 165C° abs, w, = 2270 m/sec, R, = 33.56.

The value of the index of polytropy for LO atm abs may be found, It is
For Py, = 25 atm abs

For a pressure of LO atm abs » the value of the index of polytropy is found to

n=1,1736.

The temperature in the cross section of the nozzle in this case will be
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0,1736

T,=2820 (%)W = 1634°;

Consequently, the exhaust velocity will be, according to this calculation,

w _l/ 2. 981:) ;7‘;2 33,56 (2820 — 1634) = 2298 m /sec.

This value of the velocity will be more accurate.

Ezamole 9. For the propellant kerosene + 96% nitric acid, find the coefficient
of excess oxidizer at which the maximum specific thrust will be developed. The
pressure in the combustion chamber is 50 atm abs, and at the exit from the nozzle it
is 1 atm abs, we take Sinc z = 049, Zinc a = 0.95.

Por various values of «, in accordence with the conditions of the problem, the

diagram gives the following results:

T, abs T; abs Wg m[sec
2560 1365 2300
2685 1500 2350
2795 1590 2380
2820 1625 2392
2840 1685 2390
2870 1750 2385

Thus, under the specified conditions, the maximum exhaust velocity, and conse-
quently also the maximum specific thrust, is obtained roughly at « = 0,82,

For the same conditions, but at I;,, z = 1, we get the following data:

T, abs T, abs wy mfsec
2780 1410 2385
2875 1550 2425
2945 1640 2450
2980 1720 2440
3005 1800 2420

Thus in this case the maximum specific thrust is found to be about « = 0.8.
It should be borne in mind that, owing to the insufficient accuracy in con-
structing the first diagram and to the graphic determination of the quantities , the

figures obtained can characterize the processes only qualitatively.
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-

Ixample 10, For the data found in example 9, determine the specific propel- '

lant consumpti6n, by weight and by volume, per kg of thrust per hour, and also
detegvnine its composition by weight and by volume.

. In a case where we allow for the incompleteness-of propellant combustion and

for its afterburning in the nozzle, the specific consumption of propsllant by weight,

Cp, kg/kg hr is determined from the gas exhaust velocity found in example 9 at vari-

ous values of a:

e m/sec Cp xg[%ghr
2300 15,35
2350 15,03
2380 4,8
2392 14,76
239 14,77
0,90 238% 14,81

The molecular weight (arbitra.ry_) of kerosene is

“c"""lw-
and that of nitric acid is
. ‘l
py= 200 65,695,
96
Consequently, the composition of the propellant by weight, depending on the
coefficient of excess oxidizer a, will be expressed by the formulas

g = 100 ;g 65,625
© 100 + 65,6252k, ' °° ;100 + 65,625ak,

or, since in this case ko = 8.48, then:

100 . o 356,50
100 + 556,5« ' & 100 + 556,54 °

&=

After substituting the values of a, the following results are obtained for the
composition of the propellant by weight and for the specific consumption of the com-

ponents in kg/kg hr:

Specific Consump-
Composition by tion of Components
Weight in $ in kg/kg hr

&o C
12,2
12,13
12,12
12,10
12,20
12,35

¥

2982385

coooee
SRBEA
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The composition of the propellant by volume and its specific consumption by

volume, per kg of thrust per hour, at the follecwing spscific gravities for the com

ponents:
o= 0,82 Kg/kghr To == 1,485 Kg/lfr

are found to be the following for the specified conditions:

v ltr[xg br v lirfXg hr v lir[xg he
3.82 8,23 12,05
3,54 8,17 11,71

3, 8,16 11,48

3, 8,15 11,39

3, 8,22 11,37

3 8,32 11,32

For the case of the calculation at Zinc z = 1, ve get the following values:

wg mfsec Cp x3/xghr
2385 14,81
2425 14,56
2450 14,41
2440 14,47
2420 14,59

Consequently, with the former composition of the propellant by weight, the

specific consumption of the components in kg/kg hr will be as follows:

] C’c Kg/xg hr Cp, X3/xg hr
,70 3,02 11,79
75 2,81 11,75
,80 2,64 11,77
,88 2,52 11,95
0,90 2,42 12,17

The consumption of propellant by volume, and that of its components, is de~

termined similariy:.

v “'/"‘3 hr o lir[Xg hr vltrlkg hr
3,69 7,94 11,63
3,43 11,35
3,22 11,15
3,07 11,12
2,95 . 11,14

L. Diagram of the Propellant: Fthyl Alcohol + Hvdrogen Peroxide (Appendix VI)

This diagram dif%ers from the preceding in being simpler, owing to the con-
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siderably lower combustion tempergtures and, consequen"cly,‘to the far lesser degree
of disgociation. . -

The diagram is constructed on the following bases: Thg propellant used is
ethyl alcohol of 70, 80, 90, and 100% concentration, and 80% hydrogen peroxide. The

heat value of the components is taken according to the data given in Chapter I,. The

calculation has been performed for a coefficient of excess oxidizer fanging from

a =0,8 tc a = 1.6. On diagram I are plotted straight lines giving the values of
[xc +ic - (@ - Einc 5) Hol in the range of values of the coefficient of heat
liberation from éinc z = 0.8 to &350 7 = 1.0,

The diagram has been calculated under the assumption that the pressure at the
exit from the nozzle is P, = 1 atm abs, and three versions ha\;e been taken for the
pressure in the combustion chamber: p; = 25, 20, and 15 atm abs,

Diagram II gives the curves determining the values of ﬂz =i, + x,, and curves
giving the molecular weight of the combustion products, Owing to the low degree of
dissociation, the curves of energy content differ very little from straight lines,
and, in addition, within the limits of accuracy of the constructions » they yield the
same values for the pressures assumed in the diagram: the curves for the molecular
weight give a constant molecular weight up to temperatures of 2100° abs, and then,
owing to a certain increase in the degree of dissociation, the molecular weight de-
creases somewhat.

Diagrams III and IV are given in three versions corresponding to the pressures

in the combustion chamber adopted in the calculation.

Diagram III gives a family of straight lines determining the values .of (ea +
2

W
+ A a

2g
Diagram IV, besides the curve determining the gas exhaust velocity w,, also gives

) for various values of a and various combustion temperatures T,

curves permitting a determination of the index of polytropy for discharge under con-
ditions of complete equilibrium.

Examples of the calculations by this diagram are given below.

2 o I i
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Example 11, Calculate the processes in the combustion chamber and nozzle for
the propellant: 807 ethyl alcohol and 80% hydrogen peroxide. The coefficient of
excess oxidizer is 0.85.

The coefficients of heat liberation adopted are: for the exit of the combus-

tion chamber ;.. , = 0.85, for the exit cross section of the nozzle Zinc a = 0.95.

The calculation is also to be performed at & Bine z = 1l

The pressure in the combustion chamber is p, = 25 atm abs, and at the exit from
the nozzle it is p, = 1 atm abs.

On the abscissa of diagram I we find the points corresponding té the specified
coefficient of heat liberation Zine z = 0.85, projected ubward to intersection with
the straight line characterizing the composition of the fuel (a = 0.85, o, = 80%);
the point so obtained is then transferred parallel to the abscissa, to intersection
on diagram IT with the curve a = 0.85; this curve, projected on the abscissa, deter-
mines the combustion temperature, which is 1996° abs. To determine the molecular
welght of the combustion products, the point obtained on diagram II is transferred
to the curve y, corresponding to a = 0.85 and o, = 803, and we find Ky = 20.86.

To calculate the process of efflux, let us return to the diagram I and find on
the abscissa the point corresponding to the coefficient of heat liberation at the
exit from the nozzle Sinc z = 0.95; projecting this point upward to intersect the
straight line o = 0.85 and o, = 80%, and transferring the point so obtained to dia-
gram IIT to intersection with the straight line corresponding to the specified coef-
ficient of excess oxidizer 0.85 and to the combustion temperature found, T, =
= 1996° abs (the 2000° zbs curve), we find the point characterizing the state of the
combustion products at the exit from the nozzle; transferring this point to the ab~
scissa, we find the gas temperature at the exit from the nozzle under extreme equi-
Ubrium flov, namely T, = 1295° abs; then, on diagram IV, at the intersection with
the curve of velocities 8, corresponding (according to the Table) to the assigned

condltions, we determine the exhaust velocity to be W, = 2055 m/sec; simultaneously,
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the intersection with the curve of the values of the index of polytropy, correspond-
ing to the combustion temperature 1996° abs found, gives the value of the index of
polytropy fecr the extreme equilibrium efflux, n = 1.156.
These data permit us to calculate the exhaust no?zle.
For the second case, when the calculation is performed yvithout 2llowing for
the incomplete combustion of the propellant due to inco‘mple:be mixing (Einc z = 1),
" the following values are found from the diagram, " For a = 0.85 and oc. = 80%, at

Eine z = 1 (on the ordinate) » we determine the energy content of the propellant and,

consequently, also the energy content of the combustion products before entez;ing the
nozzle, e, = e; = 1196 kcal/kg; on the intersection of the line e, = const, on dia-
gram II, with the curve a = 0,85, we get a point determining the combustion tempera~
ture T, = 22,,5° abs, and the transfer of this point to the curve B, = const deter-
mines the molecular weight of the combustion products, which is equal to 20,55,
Consequently, the gas constant is R, = 41.26. At the intersection of the same
line e, = const with the line T, = 22,50 abs and « = 0.85, from diagram IIT (at
Pz = 25 atm abs) we get the point determining a gas temperature at the nozzle exit
of T, = 13150 abs.

This point, projected on diagram IV to the intersection with the velocity

curve 13, determines an exhaust velocity equal to 2120 m/sec; when projected to the
intersection with the curve of the index of polytropy for T, = 22,50 abs, we find
the index of polytropy to be n = 1.2, A calculation of the exhaust velocity, from

the value of the index of polytropy so found, gives

w,=]/ 2~9,_81(13-’-:—41.26 (2245 — 1315) = 2124 m [sec

The discrepancy with the velocity determined by the diagram is small,
. Example 12, Trace, on the diagram, the influence of the concentration of ethyl
alcohol on the processes in the liquid-propellant rocket engine.

Assume that o = 0.8, =. c z = 0.95, Zinc a © 1) Py = 20 atm abs.
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If the above-indicated constructions are drawn on the diagram, we get the fol-

lowing results:

o % Cs Keal [Kg T, abs . T, abs n Wa m/sec
100 1280 2238 75 1360 1,200 2075
90 1242 2117 ,65 1320 1,203 2040
80 119 2108. ,55 1270 . 1,205 1995
70 1143 2020 ,45 1210 1,207 1950
Thus, decreasing the concentration of alcohol lowers the temperature of all
processes both in the combustion chamber and in the nozzle, lowers the exhaust

velocity, decreases the molecular weight (owing to the increased quantity of water

vapor), and increases the index of polytropy.

5. Computational Diacrams for Zinc g—1
&

Compﬁtational diagrams constructed under the assumption that the incomplete
cozbustion of the propellant is determined only by the dissociation of the combus-
tion'products and a value of o less than unity, i.e., at &nc z = 1, differ from
the above described diagrams by being considerably simpler. Today it is very likely
that they may find far more frequent practical application, since we still have no
more or less reliable data on the actual values of the coefficients of heat libera-
tion due to incomplete mixing of the components.

ST

——— The diagram is constructed for a definite fuel at various values of the coeffi-

cient of excess oxygen a and for various pressures in the combustion chamber; the
pressure at the exit from the nozzle is usually taken as 1 atm abs. The diagram is
" divided by the abscissa into two parts, an upper and a lower. The upper part of the
diagram serves to find the quantities characterizing the state of the combustion
products at the exit of the combustion chamber, and the lower for the quantities
characterizing the state of the gases at the nozzle exit. Thus the principal quan-
tities for the combustion process in the combustion chamber can be found on the
upper part of the diagram, and the principal quantities for the process of efflux

from the nozzle may be found on the lower part.

102
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On the abscissa we plot the values of the coefficient of excess oxidizer a; on

the vpper part of the diagram, the temperature curves, permitting the combustion
temperature to be determined at various values of a for a definite pressure; the
curves move upward as the coefficient « increaseé, since in this case the complete-
ness of combustion also increases. For each pressure in the combustion chamber
there is a separate curve. The temperature curve is-located nigher on the diagram
the greater the pressure Py in t@e combustion chamber, since the rise in pressure
decreases the degree of dissociation, and thus increases the completeness of com-

bustion of the pr&fellant., Further than this, on this part of the diegram we a2lso

plot the curves of the values of the gas constant of the combustion products; these
curves decline with increasing values of a, owing to the more complete combustion
and the increase in the quantity of diatomic gases; owing to the decrease in the
degree of dissociation with increasing pressure, the curves of the gas constant for
higher pressures are located lower. The temperature scale is placed on the left
ordinate and the scale of the gas constant on the right,

On the lower part of the diagram, curves of the gas temperatures at nozzle exit
are constructed; these curves rise with increasing coefficient of excess oxidizer,
since, at one and the same pressure drop, the exit temperature is higher, the higher
the temperature in the combustion chamber; the curves of the temperature T, for
higher pressures in the combustion chember are located lower, since the increase in
the pressure drop lowers the exit temperature, The principal computational curve is
the curve of the exit velocity of the combustion products w,. These curves are
located higher on the diagram, the greater the pressure drop used in the liquid-
propellant rocket engine, i.e., the greater the pressure in the combustion chamber.
On this same part of the dizgram the curves of the gas constan: at the nozzle exit,
E,, may be plotted,

Appendix VII gives a diagram for the propellant kerosene + 96% nitric acid.

Wle give below an example of a calculation by this diagram.
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Example 13. Determine from the diagram (see Appendix VII) the effect of pres-
sure in the combustion chamber on the specific consumption of the propellant kero-

sene + 96% nitric acid at o = 0.75 and « = 0.85.

From the diagrams for f.he specified values of the coefficient of excess oxi-

dizer, we find:

Wo m/SeC wa m/sec

2850 2240 2930 2260
2860 1650 | 2306
1530 2420 2985
2885 1440 2492 3005 1650 |
2900 1365 2552 3032 | 1565 2568

Consequently the specific propellant consumption in kg per kg of thrust per

hour will be as follows:

Cp X9/rg hr
Px atmabs a=0,75 a==0,85
25 15,77 15,63
35 15,31 15,13
50 14,59 14,49
75 14,17 14,07
100 13,84 13,75
Using the data on the composition of the fuel by weizht obtained in example 10,

the specific consumption of the components may be found; from the data of example 10

we have:
for 2=0.75 85"19.3“. 80"-'80.7"
for @=0,85 g =I7,4%, g, =82,6%.

Calculations give the following specific consumption of the components in

kg/kg hr.
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Pa atm abs

Cp, Cor, Che Cp,

(]

25 3,04 12,73 2,72 12,91
35 2,95 12,36 2,63 12,50
50 2,82 1,77 2,52 11,97
75 2,73 11,44 2,45 11,62
100 2,67 11,17 2,39 - 11,36

The specific consumption of the components by volume at specific gravities of

Yo = 0.82 kg/ltr and v, = 1.485 kg/ltr is found to be as follows:

v /K ’

a=0,75 am0,85

vo vo

8,58
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Appendix I

Equilibrium Constants

PcoPy;

0.5
Py, Po,

Pour?if

P peo,

sz"-_'

Pu0

KP.I =

Pu0

2

PH
KP¢= D
Pu,

7o
b Po,

Kp, =

PNo

0.6,.0,5
© PNPY

0,8624-10—%°
0,2900. 1016
0,1277-10—1
0,1445.10—1
0,6331.10~10

0,1389.10~8
0,1814.10~7
0,1591-10~°
0,1020-10~%
0,5087.10~5

0,2070-10~*
0,7131-10~*
0,2134.10°
0,5687-10~3
0,1371.10~2

0,2333.10~18
0,2614.10~1%
0,5156.10—12
0,3185.1011
0,8728.10~10

0,1314.10~8
0,1267-10~7
0,8648.10~7
0,4501-10~6
0,1885.10~5

0,6615.1075
0,2005.10—*
0,5383-10—4
0,1303-10~2
0,2892.10~3

0,3400.10~%
0,1265-10~"7
0,6119.10~18
0,7568.10~13
0,3604.10—1!

0,8519.1010
0,1193.10~8
0,1116.10~7
0,7603-10~7
0,4016.10—¢

0,1726.10~°
0,6250-10~5
0,1964.10—¢
0,5475.10~4
0,1378.102

0,2153.10~%2
0,6425.10~%7
0,8426.10—%
0,1369-10—19
0,5148-10=17

0,6676.10~'5
0,3886-10712
0,1220.10~"
0,2358.10~1°
0,3087-10~°

0,2044.1078
0,2162.10~7
0,1277.10~°
0,6267.10°
0,2631.10~%

0,1387.10%
0,2240.10~%
0,1034.10~%
0,4450.10—%2
0,3631.10—19

0,8820.10~"7
0,8630-10—1%
0,4191.10—13
0,1173.10—1
0,2113.10-10

0,2657.10~% -

0,2486.10~%
0,1819-10~7
0,1080-10~6
0,5376.10—¢

0,6039-10~7
0,8056-10—°
0,5624.10—5
0,8544.10—4
0,8544.10—4

0,2299.10~3
0,5246-1073
0,1054-10~2

" 0,1918.10~2

0,3222.1077

0,5075.10~2
0,7575.10~2
0,1081.10~!
0,1488.10~!
0,1982.10~!
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« r ] { e

(Cont'd)

0,3035.10~2
0,6240-10~2
0,1203.10~!
0,2195-10~!
0,3817.10~1

0,6333.10™!
0,1013
0,1565
0,2344
0,3417

0,4854
0,6744
0,9179
1,226
1,610

2,081
2,652
3,334
4,141
5,087

0,595¢.10—3
0,1149.10-2

-0,2094-10~2

0,3634.10~2
0,6037.10—2

0,9649.10~2
0,1490.10~!
0,2233.10~1
0,3256.10~
0,4628.10~1

0,6436-10~!
0,8770-10!
0,1173
0,1544
0,2000

0,2551
0,3222
0,4017
0,4951
0,6042

’

0,3178.10-3
0,6797.10—3
0,1361.10~2
0,2573.10—2
0,4685.10—2

0,7947.102
0,1312-10™!
0,2091.10™"
0,3228.10—!

. 0,4841.10~!

0,7074.10~!
0,1009
0,1410
0,1933
0,2601

0,3444
0,4492
0,5780
0,7343
0,6217

0,9658-10~%
0,3155.10—4
0,9313.10~*
0,2516.10~2
0,6284.10~3

0,1464:10~2
0,3207.10"2
0,6649.10~2
0,1312.10~!

0,2475.10~1 "

0,4485.10~

0,7836.10~!
0,1324
0,2170
0,3459

0,5374

0,8156

1,212
1,763
2,519

0,2299-10~%

0,8624-10~5-

0,2885.10~*
0,8738-10—4
0,2423.10™3

0,6215-1072
0,1487.10~!
0,3345.10~2
0,7117.10~2
0,1441.10~1

0,2786.10~!
0,5174-10"
0,9253.10~!
0,9253.10~!
0,2680

0,4364
0,6926
1,073
1,624
2,408

0,2568-10~"
0,3251.10~"
0,4031.10!
0,4909-10~!
0,5884.10~!

0,6956.10"
0,8119-10"
0,9374.10~!
0,1072
0,1213

0,1463
0,1520
0,1684
0,1684
0,2029

0,2210
0,2395
0,2584
0,2778
0,2975

5,097
5,433

6,089
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Appendix II

mnergy Content

E=(I+X) < 103 keal/mole

CO | OH | NO CO,
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Appendix III

Energy Content of Certain Propellant Components

e =1+ x kecal/kg

Molecu~

) At Absolute
5 Chemical 18T
ubstance Fomu‘ia Wt. in Temperature

kg/mole of

Ethyl alcohol, 1003 C;H;OH 46 298,16°
Methyl alcohol, 100% CH,0H 32 298,16°
Kerosene Ciutlyys G@obitr) 1100 (arvitr) £98,16°
Triethylamine (CsHs)N 101 | 298,16°
Xylidene (CH,),CgH,NH, 121 298,16°
Toluene C:H, 92 298, 16°

Hydrazine hydrate (NH,;)sH,0 50 298,16°

Hydrogen peroxide, 100% H,0, 34 298,16°
Nitric acid, 100% HNO, 63 - 298,16°

Tetranitromethane C(NO,), 196 298,16°
Oxygen (liquid) 0, 32 90, 16¢
Nitrogen tetroxide N,O4 92 294,31°

Eeat of Solution

in kcal/kg HxO

H:Oin 969% HNO; . .
HsOin 989 HNO; . .
H;O in N;O, . .
H,0 in C,H,O .
H,0 in H;Oy . .
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Appendix VII
Computational Diagram for Propzsllant:

Kerosene + 96% Hitric Acid

]
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